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ABSTRACT 
 
Critical habitat is defined scientifically as the subset of habitat necessary for the long-term 
persistence of a given species. Based on this definition, loss of any part of the critical habitat would 
result in extinction of the species. In the United States, Australia, and Canada, critical habitat of 
threatened species is protected, to various degrees, under endangered species legislation. Effective 
protection of critical habitat depends on it being identified accurately. Where there is potential for 
conflict with landowners and industry stakeholders, accurate critical habitat identifications are more 
defensible in court, and minimise the opportunity costs of protecting areas that may not be as 
beneficial to species persistence. However, obtaining the data required to accurately identify critical 
habitat can take up considerable time and resources that may otherwise be spent on conservation 
actions. At the same time, delaying protection of critical habitat to improve knowledge can result in 
further habitat loss. In this thesis, I review key concepts and challenges surrounding the 
identification of critical habitat, and develop decision tools to assist in deciding when and how to 
identify it.  
In Chapter 2, I present a systematic review of critical habitat documentation from the United States, 
Canada, and Australia to identify the types of data and criteria that have been used to identify 
critical habitat in the last decade. Contrary to scientific recommendations that long-term species 
persistence should be used as the criterion for identifying critical habitat, information about the 
location of species occurrences and particular habitat features were used instead to identify critical 
habitats for most of the species reviewed. Insufficient data and the desire to avoid potential 
opposition from landowners are likely to be the main reasons for the use of such approaches to 
critical habitat identification. Chapter 3 continues with an examination of the merits of the different 
criteria that could be used to inform critical habitat identification, and the types of errors associated 
with each. I also considered the potential consequences of the errors, and recommended that more 
explicit recognition of the potential for errors is important in minimising their negative 
consequences for species persistence.  
While the accuracy of critical habitat identification may be improved by collecting more data, 
delaying protection to do so may result in additional habitat loss if habitats are left unprotected in 
the meantime. In Chapter 4, I used an optimisation approach to examine this trade-off between the 
benefits of delaying protection to improve accuracy and the costs of additional habitat loss in the 
interim. I modelled the change in the proportion of habitat correctly identified over time as a 
function of both accuracy and habitat loss, and determined the optimal amount of time to spend 
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learning that maximises this value. I found that at low rates of habitat loss, slow learning rates 
resulted in a longer optimal learning period. At high rates of habitat loss, however, the improvement 
in accuracy no longer compensates for the loss of habitat, and the optimal amount of time to spend 
learning becomes less than three years, regardless of the learning rate.   
Given the need for prompt critical habitat protection to avoid additional habitat loss, how should we 
identify critical habitat to maximise accuracy while minimising the amount of time and resources 
spent in the process? I addressed this question in Chapter 5 by describing how a structured decision-
making framework can be applied to help decide which types of data and approaches should be 
used to identify critical habitat, based on the conservation objectives, movement and habitat use 
patterns, and the amount of habitat currently available for the species. Using a structured decision 
framework to guide critical habitat identification can also help improve the consistency and 
transparency of identification, as well as increase confidence in the validity of critical habitat 
identification.  
This thesis aimed to recommend improvements to the identification of critical habitat by reviewing 
current practices and potential errors in critical habitat identification, examining the potential 
consequences of these errors for conservation, and developing decision tools to assist in deciding 
when and how critical habitat should be identified. However, it is important to note that adequate 
enforcement of critical habitat protection also plays a crucial role in ensuring long-term species 
persistence. Further studies to examine how critical habitat protections are implemented and 
enforced will help to evaluate the overall impact of critical habitat identification on the recovery of 
threatened species, and provide insight into how critical habitats can be protected more effectively.
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 Chapter 1 INTRODUCTION 
 
With habitat loss as a primary driver of biodiversity declines worldwide (Millennium Ecosystem 
Assessment 2005), the protection of habitat has long been regarded as essential to the conservation 
of biodiversity. Here, I use the term habitat in a species-specific context (Murphy & Noon 1991), 
and define it as the physical and biological components of the environment that result in its 
occupancy by the species (Block & Brennan 1993; Hall et al. 1997); that is, the resources and 
conditions required by the species that are provided by the environment (Hall et al. 1997). 
Protecting habitats ensures the continued provision of these resources, and is therefore essential to 
the conservation of species and, ultimately, biodiversity. In particular, identifying and protecting the 
subset of habitat that is critical to the persistence of a species – hereafter, critical habitat - can help 
ensure that there will be adequate habitat for the species to be viable, or have a high probability of 
persisting, over the long-term.  
Where required by law, such as in the United States and Canada, the identification and protection of 
critical habitat for listed threatened species has become highly contentious (Patlis 2001; Scott 2004; 
Taylor & Pinkus 2013). On one hand, conservation biologists view critical habitat protection as a 
powerful legislative tool in species conservation in that it also provides for the protection of 
unoccupied habitat, which is otherwise unprotected by other legal provisions (Hagen & Hodges 
2006). On the other hand, land owners, developers, and other stakeholders often view the 
opportunity costs of restricting activities on critical habitat as a high price to pay for uncertain 
conservation benefits (Bean 2009). Caught in the middle are the ecologists and government 
agencies responsible for identifying critical habitat and selecting which sites to protect by balancing 
the conservation needs of the species with the potential economic costs of designation. 
While the tension between biodiversity conservation and economic development is widespread, the 
controversy surrounding critical habitat deserves special attention due to the very nature of these 
habitats. If critical habitat is considered to represent the minimum subset of habitat required for the 
survival of the species (Rosenfeld & Hatfield 2006), then the loss of any part of the critical habitat 
would result in eventual extinction. Hence, accurate identification and protection of critical habitat 
is important in preventing species extinction due to habitat loss, while also minimising the potential 
social and economic costs of unnecessary protection of non-critical habitat. However, a number of 
challenges exist that limit the consistency and accuracy of critical habitat identification. Foremost 
among these is the often limited knowledge of threatened species and their habitat needs, coupled 
with the limited amount of time and resources available to improve knowledge.   
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This thesis examines key concepts and challenges in critical habitat identification, and explores the 
application of decision tools to assist in deciding when and how to identify critical habitat for 
threatened species. To begin, I provide an introduction to the critical habitat concept through an 
overview of the different steps in the identification and protection of critical habitat (Fig. 1.1). 
Defining critical habitat 
How critical habitat is defined determines which sites are ultimately identified as such (Fig. 1.1). 
However, existing legal definitions – which often refer to critical habitat simply as habitat “essential 
to the conservation” (Endangered Species Act of 1973 [ESA], 16 USC §§ 1531-1544, 2013), 
“critical to the survival” (Environment Protection and Biodiversity Conservation Act 1999 [EPBC] 
(Cth)), or “necessary for the survival or recovery” (Species at Risk Act [SARA], SC 2002, c. 29) of 
listed threatened and endangered species (Table 1.1) – provide relatively little practical guidance on 
how to determine which sites, and how many, are critical (Murphy & Noon 1991; Hall et al. 1997; 
Rosenfeld & Hatfield 2006). This oversight is presumably deliberate, allowing scientists the 
flexibility to use a variety of approaches to identify critical habitats based on species-specific 
habitat needs (Hall et al. 1997; Rosenfeld & Hatfield 2006). However, the ad hoc identification of 
critical habitat has engendered some concerns regarding the scientific validity of existing and 
proposed critical habitat identification, resulting in delays in critical habitat protection and, in some 
cases, costly court challenges (Hagen & Hodges 2006; Bean 2009). While government agencies 
have attempted to clarify the concept and provide some biological criteria by which to identify 
critical habitat, the inconsistent application of these criteria have led some to conclude that existing 
criteria remain too general to be of practical use in critical habitat identification (Hodges & Elder 
2008).  
To address the confusion surrounding critical habitat and improve the validity of critical habitat 
identification, scientists have worked to develop operational definitions, or practical working 
definitions (Peters 1991; Shoemaker et al. 2004), for the critical habitat concept (Murphy & Noon 
1991; Hall et al. 1997; Rosenfeld & Hatfield 2006). Murphy and Noon (1991) begin with an 
analysis of the word critical, suggesting that the term implies a threshold risk of extinction and 
therefore incorporates the concept of population viability. From this, they conclude that critical 
habitat should consist of habitats that can provide for long-term population viability, and that only 
those habitats that, when protected, result in stable or increasing populations should qualify as 
critical habitat (Murphy & Noon 1991). Similarly, Hall et al. (1997) propose that critical habitat 
should be linked to high-quality habitats with resources that allow for population persistence, while 
Rosenfeld and Hatfield (2006) also suggest that critical habitat may be thought of as habitats that 
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are disproportionately important for populations, or as the minimum subset required for species 
long-term persistence or to achieve specified recovery objectives.  
These suggested operational definitions are generally consistent with most interpretations of the 
legal definitions of critical habitat described above. For instance, the ESA defines the term 
conservation as the use of all means necessary to bring listed species to the point at which the 
measures provided by the ESA are no longer necessary, that is, when species have sufficiently 
recovered to the point of delisting (Goble 2009). Although the SARA does not explicitly define the 
terms, government agencies responsible for administering the Act have interpreted survival as the 
persistence of the species over the short-term, and recovery as long-term persistence (Mooers et al. 
2010). These interpretations suggest that the desired conservation objective is to recover species to 
the point where they are no longer at risk of extinction (Doak et al. 2015), with critical habitat as the 
set of areas essential, critical, or necessary to do so.  
Evident from these definitions is the underlying consensus that the critical habitat concept is 
inherently tied to habitat quality and its influence on species persistence. However, the concept of 
persistence itself may be subject to interpretation – while extinction is an "all or nothing" concept in 
biology, it cannot be determined until long after it has already occurred, and often with considerable 
uncertainty (Diamond 1987; Rivadeneira et al. 2009; Collen et al. 2010). Predicting when, or at 
what population level, extinction becomes an inevitability is an inexact science, and, currently, 
there is no universally accepted probability of persistence below which species are considered to be 
at risk of extinction, nor is there agreement on the desirable length of time over which the species 
should persist (Beissinger & Westphal 1998; Akçakaya & Sjögren-Gulve 2000). Although 
guidelines have been developed regarding the threshold probabilities of extinction at which a 
species should be considered to be endangered or threatened (Mace & Lande 1991), these 
guidelines are typically generic and do not consider the specific circumstances of individual species. 
For these reasons, it may be more appropriate instead to use species-specific targets, such as those 
determined through species recovery planning processes (Tear et al. 1993; Ortega-Argueta et al. 
2011; Théberge & Nocera 2014), to define the desired probability and duration of persistence 
(Himes Boor 2014). 
Critical habitat identification 
Once the desired probability and duration of species persistence have been identified, the target 
population sizes and distributions required to achieve this goal can be predicted. In turn, these 
targets can be used as the criteria to identify which sites, and how many, will be needed to achieve 
the specified goal (Fig. 1.1). Identifying critical habitat requires predicting how the quality and 
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connectivity of habitat will influence population viability, and then assessing how the protection of 
different subsets of habitat will affect species persistence (Reed et al. 2006; Rosenfeld & Hatfield 
2006). Ideally, this is accomplished by combining models of habitat quality with population models 
in a spatially-explicit population viability analysis, which allows for the prediction of the 
probability of species persistence under different habitat configurations, and different scenarios of 
future habitat change (Dunning et al. 1995; Akçakaya 2001). Habitat configurations for which the 
predicted extinction risk remains below the selected threshold are then considered for identification 
as critical habitat (Reed et al. 2006; Heinrichs et al. 2010). 
For many species, however, there is insufficient information available about habitat features or how 
the population responds to them to develop predictive models of habitat quality, and waiting to 
identify critical habitat until more information becomes available can result in additional habitat 
loss in the interim. To address this issue, Reed et al. (2006) outline a hierarchical framework for 
modelling the habitat use of species using different types of data. These models may range from 
expert-derived range maps, which tend to be more qualitative, to empirical models such as habitat 
suitability indices (Brooks 1997), and finally, to species distribution models that use statistically 
derived relationships between habitat variables and species occurrence (Elith & Leathwick 2009). 
In this hierarchical framework, existing models are validated and improved as additional data 
become available (Reed et al. 2006).  
Similarly, development of spatially-explicit population models requires information about various 
demographic, landscape, and dispersal parameters (Beissinger & Westphal 1998; Reed et al. 2002) 
that is not available for many species. As a result, critical habitat identification may be based on 
other criteria, such as known occupancy or predicted suitability of sites (Guisan et al. 2013), or on 
potentially subjective assessments of the relative contribution of sites to addressing the needs of the 
species (Van Horne 1983; Hodges & Elder 2008). However, without consideration of habitat 
connectivity or an assessment of how different sites contribute to the probability of persistence, it 
may be difficult to determine how much habitat, and in what spatial arrangement, will be critical to 
species persistence.  
Selecting critical habitat sites for protection 
The set of sites eventually selected for protection may not necessarily include all sites identified as 
critical habitat. In the United States, legal protection for critical habitat only applies to sites that 
have been designated as such (Table 1.1). However, the process of critical habitat designation 
requires an economic analysis to assess the costs of critical habitat protection relative to its benefits; 
sites where the costs are perceived to exceed the benefits may then be excluded from designation 
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(USFWS 2014) (Table 1.1). In Canada, protection for critical habitat under federal law applies only 
to aquatic or migratory species, or on areas under federal jurisdiction (Table 1.1); federal protection 
may be applied to critical habitat under provincial or local jurisdiction only when the site has been 
judged as not effectively protected by other mechanisms (Environment Canada et al. 2004). In 
addition, socioeconomic factors may be considered when identifying critical habitat in species 
action plans in Canada (Mooers et al. 2010), which may also lead to the exclusion of particular 
sites. Similarly, protection of critical habitat through other mechanisms, such as regional planning 
processes, systematic conservation planning, or the design of economic incentives schemes to 
promote conservation on private lands, may also be limited to selected sites due to limited resources 
or potential conflict with economic development.  
Ideally, when there is sufficient habitat, and where critical habitat protection is constrained 
primarily by legal jurisdiction or by potential socioeconomic impacts, a spatial prioritisation tool 
can be combined with a spatially-explicit population viability analysis to identify habitat 
configurations that will both satisfy these constraints and meet the conservation objective (e.g., 
Northern Spotted Owl [Strix occidentalis caurina], USFWS 2011). However, it is likely that many 
threatened species are limited by habitat availability, as indicated by the proportion of species 
threatened by historical and/or current habitat loss (Wilcove et al. 1998; Venter et al. 2006). For 
these species, all existing habitat may be critical to recovery and persistence. Excluding parts of the 
habitat for these species may therefore result in eventual extinction. Similarly, where there are 
limited conservation resources, for instance, to purchase land for conservation, it is likely that not 
all critical habitat sites will be protected, regardless of configuration. In these situations, it may be 
better to separate the science-based identification of critical habitat from the selection or 
prioritisation of sites where conservation action is most urgent, to ensure the clarity and 
transparency of the process (Mooers et al. 2010; Greenwald et al. 2012) (Fig. 1.1). 
 
Figure 1.1 Four key questions that must be addressed to identify and protect critical habitat  
Definition: What is the conservation objective for the species?
Identification: Which sites are needed to achieve the objective?
Selection: Which identified critical habitat sites will be protected?
Protection: Which activities should be prohibited in critical habitat?
1 
2 
3 
4 
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Table 1.1 Comparison of the legal and policy requirements for critical habitat in the United States, 
Canada, and Australia 
  United States ESA Canada SARA Australia EPBC Act 
Definition essential to the 
conservation of the species 
necessary for the survival 
or recovery of a listed 
wildlife species 
critical to the survival of a 
listed threatened species or 
listed threatened 
ecological community 
Identification required at the time of 
species listing or within 12 
months 
required in Recovery 
Strategies or Action Plans. 
Draft Recovery Strategies 
required within one year 
of listing for endangered 
species or within two 
years for threatened or 
extirpated species. No 
timelines specified for 
Draft Action Plans Both 
plans must be finalised 
within 90 days of the 
publication of the draft 
required in Recovery Plan 
if one is considered 
necessary. A Recovery 
Plan must be in place 
within 3 years of the 
decision to have a plan, 
but this time period may 
be extended by another 3 
years  
Designation required; allows for 
exclusion or exemption of 
sites from designation 
based on economic 
analysis or national 
security concerns; occurs 
with the designation of 
sites as critical habitat in 
the Final Rule 
required; allows for 
consideration of 
socioeconomic factors 
only in the development of 
Action Plans; occurs with 
the identification of 
critical habitat in the 
finalised Recovery 
Strategy or Action Plan 
possible but not required; 
the need to consider social 
or economic factors not 
specified; occurs with the 
listing of critical habitat in 
the Register of Critical 
Habitat 
Protection prohibit actions by federal 
agencies that may result in 
the destruction or adverse 
modification of all 
designated critical habitat 
areas as identified in the 
Final Rule 
prohibit activities that may 
destroy any part of the 
critical habitat areas under 
federal jurisdiction, as 
identified in the Canada 
Gazette, Critical Habitat 
Orders or Protection 
Statements 
prohibit actions that 
significantly damage or 
will significantly damage 
critical habitat areas listed 
in the Register of Critical 
Habitat that are in or on 
federal (Commonwealth) 
areas 
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Protection of critical habitat 
Whether through legal restrictions, the creation of protected areas, or voluntary protection on 
private land, protection of critical habitat will require prohibiting or restricting activities that may 
result in the damage or destruction of the site (Table 1.1), as well as managing other threats that 
may occur within the site. In the United States and Canada, the designation or formal identification 
of critical habitat is often accompanied by a list of activities that are likely to affect critical habitat. 
While these lists may be used to guide decisions on which activities to allow or restrict in critical 
habitat, formal assessment of the potential impact of proposed activities is conducted through 
consultations with the relevant agency (ESA) or through an established environmental impact 
assessment process (SARA). The outcomes of these review processes do not often result in the 
prohibition of proposed activities, although it is likely that projects undergo modifications to 
minimise impacts prior to approval (Owen 2012). However, typically, only project proposals of 
certain types, or by certain proponents, are subject to the review process; other activities that are not 
subject to assessment may therefore still continue to occur on critical habitat. In addition, 
inadequate consideration for the potential cumulative impacts of proposed projects at a given site 
(Duinker & Greig 2006; Owen 2012) may result in a number of small, incremental changes from 
multiple projects that can lead to the eventual destruction of critical habitat – “death by a thousand 
cuts”. 
Overview of this thesis 
Knowing where critical habitat occurs is an important first step towards protection. Even in the 
absence of specific legal protection for critical habitat, identifying which sites are critical for the 
persistence of a given species can encourage protection of these habitats through other mechanisms, 
such as regional planning (Brody 2003; Theobald et al. 2005), systematic conservation planning 
(Beazley et al. 2005; Beier et al. 2011), or targeted economic incentives for private land 
conservation (Parkhurst et al. 2002). Information about critical habitat can also inform the 
implementation of other environmental or conservation policies such as environmental impact 
assessments (Treweek 1999) and habitat or biodiversity offsets (Bekessy et al. 2010; Kiesecker et 
al. 2010). 
Effective protection requires, as a first step, the accurate identification of critical habitat to ensure 
that the appropriate areas are protected from the threat of habitat loss and degradation, thus 
improving the probability of species persistence. Improving the accuracy of critical habitat 
identification can also minimise the potential economic costs of designating areas that may not be 
as beneficial to species persistence. However, acquiring the knowledge needed to improve accuracy 
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requires considerable time and valuable resources that may otherwise be spent on other 
conservation actions. Delaying critical habitat designation to improve knowledge may also result in 
additional habitat loss as critical habitats are left unprotected (Grantham et al. 2009). The process of 
critical habitat identification therefore requires a balance between the need for timely protection and 
the need for accuracy.   
In this thesis, I review key concepts and challenges surrounding the identification of critical habitat, 
and develop decision tools to assist in deciding when and how to identify critical habitat to improve 
accuracy and consistency. I focus primarily on the science-based identification of critical habitat as 
a process that is distinct from, but central to, the more complex legal and political process of critical 
habitat designation and protection required in the United States and Canada. However, references to 
the legal and policy requirements for designation are included where relevant to provide broader 
context for discussions about the development of guidelines for critical habitat identification and the 
potential implications of designation policies.  
In this chapter (Chapter 1), I provided an overview of critical habitat identification and protection 
for threatened species. In Chapter 2, I examine the current practice of critical habitat identification 
through a systematic review of critical habitat documentation from the United States, Canada, and 
Australia, three countries where the identification of critical habitat for listed species is required. 
The aims were to determine the types of data used to identify critical habitat for different taxa, 
explore the degree to which unoccupied habitats are included in critical habitat identification, and 
identify factors that may have influenced critical habitat identification (Fig. 1.2). Chapter 3 then 
considers how the mismatch between current practice and scientific recommendations can result in 
errors in critical habitat identification, and how these errors may affect species persistence (Fig. 
1.2). I also briefly discuss the potential mismatch between the identification of critical habitat and 
its legal designation in the United States and Canada, where designation is mandatory and is a pre-
requisite for legal protection.  In Chapter 4, I use an optimisation approach to examine the trade-off 
between the costs and benefits of delaying habitat protection in favour of improving accuracy, and 
to find the optimal amount of time to spend learning before protecting habitat (Fig. 1.2). The 
chapter considers the problem of habitat protection in general, but the approach described can also 
be used to determine the optimal time to spend on research before identifying critical habitat for 
threatened species. In Chapter 5, I synthesise the main findings and conclusions from Chapters 2 – 4 
in a structured decision-making framework that can be used to improve the consistency and 
transparency of critical habitat identification (Fig. 1.2), whether for the purpose of legal designation 
or simply to inform spatial conservation priorities and impact assessment and mitigation processes. 
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Finally, in Chapter 6, I conclude with a summary of the thesis, and provide some recommendations 
for future research.  
 
Figure 1.2 Overview of the research questions addressed by different chapters of the thesis 
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 Chapter 2 CURRENT PRACTICES IN THE IDENTIFICATION OF CRITICAL HABITAT  
FOR THREATENED SPECIES 
 
A modified version of this Chapter has been published as: 
Camaclang, A. E., M. Maron, T. G. Martin, and H. P. Possingham. 2015. Current practices in the 
identification of critical habitat for threatened species. Conservation Biology 29:482-492. 
Abstract 
The term critical habitat is used to describe the subset of habitat that is essential to the survival and 
recovery of species. Some countries legally require that critical habitat of listed threatened and 
endangered species be identified and protected. However, there is little evidence to suggest that the 
identification of critical habitat has had much impact on species recovery. We hypothesised that this 
may be due at least partly to a mismatch between the intent of critical habitat identification, which 
is to protect sufficient habitat for species persistence and recovery, and its practice. We used content 
analysis to systematically review critical habitat documents from the United States, Canada, and 
Australia. In particular, we identified the major trends in type of information used to identify critical 
habitat and in occupancy of habitat identified as critical. Information about population viability was 
used to identify critical habitat for only 1% of the species reviewed, and for most species, 
designated critical habitat did not include unoccupied habitat. Without reference to population 
viability, it is difficult to determine how much of a species’ occupied and unoccupied habitat will be 
required for persistence. We therefore conclude that the identification of critical habitat remains 
inconsistent with the goal of protecting sufficient habitat to ensure persistence and recovery of the 
species. Ensuring that critical habitat identification aligns more closely with its intent will improve 
the accuracy of the designations and may therefore help improve the benefits to species recovery 
when combined with adequate implementation and enforcement of legal protections. 
Keywords 
compliance, conservation policy, Endangered Species Act, Environment Protection and 
Biodiversity Conservation Act, habitat protection, recovery plan, Species at Risk Act 
Introduction 
Habitat protection plays a central role in the conservation of biodiversity. In recognition of this, 
endangered species legislation in a number of countries, such as the United States, Australia, and 
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Canada, provides protection for the portion of a species’ habitat considered “essential to the 
conservation” (Endangered Species Act of 1973 [ESA], 16 USC §§ 1531-1544, 2013), “critical to 
survival” (Environment Protection and Biodiversity Conservation Act 1999 [EPBC] (Cth)), or 
“necessary for the survival or recovery” (Species at Risk Act [SARA], SC 2002, c 29) of listed 
threatened and endangered species. Referred to as critical habitat, these areas are typically 
protected by prohibiting activities that may result in “adverse modification” of or that may 
“significantly damage” or “destroy any part of” critical habitat. 
Before critical habitat can be protected, however, it must be identified and legally designated. To 
improve scientific validity and consistency with the underlying intent of critical habitat designation, 
biologists recommend that critical habitat be defined operationally as the habitat required to ensure 
the persistence of a species or population (Murphy & Noon 1991; Hall et al. 1997; Rosenfeld & 
Hatfield 2006). In this sense, critical habitat is the minimum subset required for persistence 
(Rosenfeld & Hatfield 2006), and changes in habitat quality outside critical habitat should have 
relatively less impact on species persistence. Based on this definition, the primary criteria for 
identifying critical habitat should be species persistence, as evaluated in terms of the acceptable 
threshold extinction risk, population size, or number of patches needed to achieve viable 
populations over a specified time horizon (Reed et al. 2006; Rosenfeld & Hatfield 2006). These 
thresholds and time horizons may be based on pre-determined criteria for classifying species as at 
risk of extinction, such as those used for the International Union for Conservation of Nature’s 
(IUCN) Red List of Threatened Species (IUCN 2012). In the absence of spatially explicit 
assessments of population viability over time, estimates of minimum viable population sizes 
(Shaffer 1981; Traill et al. 2007) may also be used to determine threshold values. In addition, 
species-specific targets for achieving species recovery or delisting, as determined during recovery 
planning (Reed et al. 2006; Rosenfeld & Hatfield 2006), may be used instead as interim goals when 
the information needed to assess population viability is not yet available.  
By using contribution to species persistence to identify critical habitat, the quality, size, and spatial 
configuration of areas required to achieve and maintain long-term species persistence can be 
determined (Reed et al. 2006; Rosenfeld & Hatfield 2006). For most threatened and endangered 
species, these areas include suitable but currently unoccupied sites needed for recovery, where 
recovery refers to some increase in population size or improvement in the status of the species 
necessary to achieve long term persistence. Habitat availability is an important factor in determining 
population size for many species (Fahrig & Merriam 1994; Hanski 1998; Flather & Bevers 2002). 
However, in metapopulations, some fraction of the total habitat remains unoccupied at any given 
time due to local extinction and colonisation processes (Thomas & Kunin 1999). Unoccupied 
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habitat, therefore, plays an essential role in population persistence. Protection of currently 
unoccupied habitat ensures that these areas remain available in the future for recolonisation, either 
through natural processes or through species reintroductions (Kleiman 1989; Hanski 1998; 
Rosenfeld & Hatfield 2006). In some cases, inclusion of unoccupied and degraded habitat for future 
restoration may also be necessary (Huxel & Hastings 1999), particularly where habitat loss and 
degradation have been the primary causes of a species’ decline. 
Evidence for the effectiveness of critical habitat designation to date has been mixed (Schwartz 
2008; Gibbs & Currie 2012). Two previous studies revealed a positive correlation between 
designation of critical habitat in the United States and the likelihood that the population trend of a 
species is stable or improving (Rachlinski 1997; Taylor et al. 2005), while four others revealed that 
critical habitat designation under the ESA did not appear to have a significant effect on recovery 
(Clark et al. 2002; Male & Bean 2005; Kerkvliet & Langpap 2007; Gibbs & Currie 2012). The 
influence of critical habitat identification on species recovery in Australia and Canada has not yet 
been evaluated.  
We hypothesised that the absence of a clear positive effect of critical habitat designation on species 
recovery is due at least partly to the mismatch between its intent and actual practice. However, 
despite extensive debates on the legal and economic implications of critical habitat designation 
(e.g., Darin 2000; Sinden 2004; Owen 2012), its effectiveness on species recovery (e.g., Clark et al. 
2002; Taylor et al. 2005; Gibbs & Currie 2012), and the factors influencing the likelihood of 
designation or use of biological criteria (e.g., Hoekstra et al. 2002; Hodges & Elder 2008; McCune 
et al. 2013; Taylor & Pinkus 2013), we are unaware of previous studies that reviewed the practice 
of critical habitat identification itself. To address this knowledge gap, we reviewed species recovery 
plans and regulatory documents that describe how critical habitats were identified in the United 
States, which has the longest history of critical habitat identification for threatened and endangered 
species, and Australia and Canada, both of which have adopted legal provisions for critical habitat 
similar to those of the United States. In particular, we determined the frequency that predictions of 
species persistence were used to identify critical habitats and the extent to which both occupied and 
unoccupied habitats were included as part of critical habitat. We aimed to determine whether the 
practice of critical habitat identification is consistent with its intent and considered the potential 
implications of our findings for the effectiveness of critical habitat identification.  
Methods 
To examine current practices in critical habitat identification, we conducted a systematic review of 
official documents that identify and describe critical habitat for individual species. We used content 
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analysis to extract the relevant information from the documents on how critical habitat was 
identified. Content analysis is used widely in the social sciences and humanities (Krippendorff 
2004) and in health sciences research (Hsieh & Shannon 2005) to analyse the content of text 
documents for the purpose of making inferences (Krippendorff 2004). More recently, content 
analysis and related techniques have been used in ecology and conservation to review and classify 
information from texts such as scientific literature, survey questionnaires, or interview transcripts 
(e.g., Bottrill et al. 2011; Fischer & Onyango 2012; Martin et al. 2012a). For instance, content 
analysis was used to extract information on the objectives, implementation, and outcomes of 
terrestrial conservation projects in Samoa (Bottrill et al. 2011). Similarly, a study of the global 
distribution and context of terrestrial ecological studies included a content analysis of site 
descriptions, provided in the methods sections of reviewed papers, to categorise field sites into one 
of three different types (Martin et al. 2012a). 
The classification of information from documents is achieved through the process of coding, which 
assigns a code – a word or a short phrase – that captures the essence or attribute of a particular unit 
of text (Saldana 2009). Clear definitions for each code and a set of instructions or decision rules 
must be developed to guide the consistent and repeatable classification of the textual data (White & 
Marsh 2006). Codes that share similar attributes or address the same issue may then be grouped into 
larger categories, which may be further organised into broader themes or concepts (Saldana 2009). 
We used emergent coding (Haney et al. 1998), guided by foreshadowing or open research questions 
(White & Marsh 2006), to develop codes that describe and classify information in the reviewed 
documents. In emergent coding, codes and categories are established following some preliminary 
examination of the texts (Haney et al. 1998). To do this, we selected a random sample of listed 
species from each country, and a single coder reviewed the critical habitat documents for these 
species, with particular focus on identifying information and developing codes to classify the type 
of information critical habitat was based on, the occupancy of sites identified as critical habitat, and 
the criterion used to select the subset of habitat identified as critical. The codes were refined by 
conducting another review of the documents, this time classifying texts with the codes developed 
and revising the definitions of each code as needed to improve the consistency or reliability of 
classification. We repeated this process with the same sample set until we were reasonably 
confident of the consistency of the resulting classification. The final list of codes and their 
definitions used in the content analysis are available in Appendix 2.  
Once the coding scheme was developed, we selected a larger sample of species for the formal 
content analysis than was used for the preliminary review. For each country, 15 species from each 
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of the major taxonomic groups (mammals, birds, reptiles and amphibians, fishes, invertebrates, and 
plants) were randomly selected. For groups with <15 species for which critical habitat had been 
identified, all species in the group were included in the review. We limited the selection to species 
with publicly available critical habitat documents published between 2003 and 2012 to reduce 
potential biases related to changes in regulatory practice in the United States and improvements in 
data collection and analyses capabilities. This period also corresponds to when information on 
species’ critical habitats began to appear in recovery plans in Canada and Australia. Critical habitat 
documents consisted of proposed and final rules for critical habitat designation published in the 
U.S. Federal Register (USFWS 2013a), Canadian recovery strategies and action plans with 
information on critical habitats (Government of Canada 2012), and Australian recovery plans 
identifying the habitats critical to species survival (Department of the Environment 2013). In total, 
critical habitat documents for 218 species – 90 from the United States, 78 from Australia, and 50 
from Canada – were included in the review. A complete list of the documents reviewed is available 
in Appendix 2. 
We conducted the formal content analysis by reviewing the documents and assigning codes to 
classify different categories of information about critical habitats based on our coding scheme 
(Appendix 2). In addition to reviewing the critical habitat narrative, we also recorded information 
about the taxonomic group (taxa), geographic range (extent), distribution (distribution), movement 
(dispersal), specificity of habitat requirements (specificity), primary threats (threat), and 
conservation status (status) of the species, as well as the country of designation (country) and the 
existence of prior court rulings or settlements on critical habitat designation (litigation), to 
determine whether these attributes affected how critical habitats were identified (Appendix 2). We 
selected these potential covariates based on previous studies that reviewed the influence of 
taxonomic group, species distributions, degree of threat, recovery potential, and court-ordered status 
on the likelihood of critical habitat designation (Hoekstra et al. 2002) or on the types of criteria used 
in designation (Hodges & Elder 2008).  
We used ensembles of classification trees to evaluate the relative influence of potential covariates 
on the types of information used to identify critical habitats, which were re-classified into 2 
categories for this analysis: occurrence data, which includes species occurrence and habitat feature 
information, and model-based data, consisting of habitat quality, spatial structure, minimum viable 
population size, and spatially explicit population viability information (Table 2.1). We also 
determined the relative influence of covariates on the inclusion of unoccupied habitat as part of the 
species’ critical habitat. Ensemble methods, such as bagging (Breiman 1996) or random forests 
(Cutler et al. 2007), provide an alternative to some traditional parametric approaches because they 
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are not based on assumptions about the distribution of predictor or response variables and can be 
used to model more complex interactions with a greater number of predictor variables (Cutler et al. 
2007). In these approaches, classification or regression trees are used to explain the variation in the 
response variable through recursive partitioning, that is, by repeatedly splitting the data into 
increasingly homogeneous groups based on different categories or values of the predictor variables 
(De'ath & Fabricius 2000). Ensemble methods then combine many trees to improve the accuracy 
and stability of classification (Breiman 2001) and provide a measure of the relative importance of 
predictor variables in accurately predicting the observed result (Cutler et al. 2007). 
We used a conditional permutation scheme, which reduces selection bias for correlated predictors 
(Strobl et al. 2008), to aggregate multiple classification trees and evaluate variable importance. The 
conditional importance of each variable was estimated in R version 2.15.3 (R Core Team 2013) 
with the cforest function available in the ‘party’ package (Hothorn et al. 2006; Strobl et al. 2008). 
To parameterise the function, we set ntree = 2000 (number of conditional inference trees in the 
forest) and mtry = 3 (number of randomly preselected splitting variables), which corresponds 
with √𝑝, where 𝑝 is the number of predictors included in the model. Once influential variables were 
identified, we used contingency tables and mosaic plots to explore the relationship between each 
influential variable and how critical habitat was identified.  
To assess the reliability of content analysis, 2 additional coders used the coding scheme we 
developed (Appendix 2) to perform the content analysis independently on 50 of the 218 species. 
The independent data sets generated by the 2 additional coders, in combination with the original 
data set for the same 50 species, were used to evaluate inter-coder reliability of each category with 
Krippendorff’s agreement coefficient α (Krippendorff 2004). We examined the sensitivity of our 
results to differences in how coders classified information from critical habitat documents by 
comparing the coding frequencies obtained by each of the three coders. We also evaluated the 
relative influence of potential covariates separately for each data set to determine how uncertainty 
in the content analysis may have influenced the identification of important variables. One of the 
data sets did not have sufficient frequencies in one or more of the categories to allow for the 
analysis of the relative influence of covariates; therefore, only the results of the relative influence 
analysis from two data sets were compared.   
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Table 2.1 Results of the content analysis of critical habitat documents and the inter-coder reliability test 
 
    
 
Inter-coder reliability test (n=50) 
   
 
number of species  
   Number of species (% of totals) coder 1 coder 2 coder 3 Krippendorff’s α  
Information type 
    
0.5 
 occurrence data      
  
species occurrence 136 (62.4) 30 15 17 
 
  
habitat features 61 (28.0) 11 25 28 
 model-based data     
  
habitat quality 7 (3.2) 2 4 3 
 
  
spatial structure 11 (5.0) 5 3 0 
 
  
minimum viable population size 2 (0.9) 1 3 1 
 
  
spatially explicit population viability 1 (0.5) 1 0 1 
 
 
total 218 50 50 50 
 Habitat occupancy 
     
 
occupied habitat 
    
0.48 
  
all occupied 108 (49.5) 23 18 33 
 
  
selected occupied 103 (47.2) 25 30 15 
 
  
none occupied 7 (3.2) 2 2 2 
 
  
total 218 50 50 50 
 
 
unoccupied habitat 
    
0.38 
  
selected unoccupied 62 (28.4) 11 16 9 
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none unoccupied 156 (71.6) 39 34 41 
 
  
total 218 50 50 50 
 
 
previously occupied habitat 
    
0.27 
  
  previously occupied 25 (40.3) 2 7 8 
 
  
  no previously occupied habitat 37 (59.7) 9 9 1 
 
  
  total 62 11 16 9 
 
 
potential habitat 
    
0.41 
  
  potential habitat 42 (67.7) 10 11 6 
 
  
  no potential  habitat 20 (32.3) 1 5 3 
 
  
  total 62 11 16 9 
 Selection criteria 
     
 
occupied 
    
0.17 
  
disproportionately important 31 (30.1) 11 15 5 
 
  
consistent use or stable population 32 (31.1) 4 5 0 
 
  
habitat quality 26 (25.2) 6 5 1 
 
  
recovery goals 7 (6.8) 3 3 4 
 
  
ownership or management status 7 (6.8) 1 2 5 
 
  
total 103 25 30 15 
 
 
previously occupied 
    
1a 
  
recolonisation 12 (48.0) 0 2 2 
 
  
reintroduction 7 (28.0) 1 2 2 
 
  
undetected presence 6 (24.0) 1 3 4 
 
  
total 25 2 7 8 
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potential habitat 
    
0.72a 
  
connectivity 9 (21.4) 3 4 2 
 
  
expansion 21 (50.0) 3 5 1 
 
  
introduction 6 (14.3) 2 1 2 
 
  
undetected presence 6 (14.3) 2 1 1 
   total 42 10 11 6   
aHigh values of α agreement may be due to insufficient sample sizes for these categories. Coders identified from 2 to 8 species as having critical 
habitat that included previously occupied habitat and from 6 to 11 species with unoccupied potential habitat. 
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Results 
The contribution of habitat to species persistence, as evaluated with either minimum viable 
population sizes or spatially explicit population viability, was used to identify critical habitat for 3 
of 218 species (Table 2.1). In contrast, species occurrence and habitat features were used to identify 
critical habitat for a majority of species, while additional information on habitat quality or spatial 
structure were used for around 8% of species (Table 2.1). Taxonomic group influenced this finding, 
based on estimates of the conditional variable importance (Fig. 2.1). Contingency tables and mosaic 
plots revealed that data on known occurrences of species or habitat features were used relatively 
more often for invertebrates, fishes, and herpetofauna than for plants, birds, and mammals (Fig. 
2.2a). Other variables that influenced the information used for critical habitat identification included 
country and previous litigation (Fig. 2.1). Occurrence-based identification was used more frequently 
in Australia and Canada (Fig. 2.2b), while in the United States, it was used relatively more often 
when there has been no previous court ruling or settlement regarding critical habitat designation 
(Fig. 2.2c). 
Figure 2.1 Relative influence of covariates on (a) the type of information used to identify critical 
habitat and (b) the inclusion of unoccupied habitat as part of critical habitat designation, both 
estimated with the variable importance score from conditional inference trees. Higher scores 
indicate greater influence of the predictor variable. The vertical dashed line indicates the absolute 
value of the lowest score, which is used as a threshold value for evaluating variable significance.  
(a) (b) 
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Figure 2.2 Relative proportion of species whose critical habitat is identified based on occurrence 
data (species occurrence and habitat feature information) and model-based data (habitat quality, 
spatial structure, minimum viable population size, and spatially explicit population viability 
information) relative to (a) taxonomic group, (b) country of designation, and (c) existence (yes or 
no) of litigation in the United States over critical habitat. The area of each bar represents the 
proportion of observations in each variable combination; zero observations are represented by a 
line and circle. 
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Critical habitat identification included unoccupied habitat for about 28% of the species we reviewed 
(Table 2.1). The inclusion of unoccupied habitat in critical habitat identification appeared to be 
influenced primarily by the dispersal ability of the species (Fig. 2.1). Critical habitat for species 
with limited mobility was more likely to include unoccupied habitat (Fig. 2.3a). Taxonomic group 
and the country of designation also influenced the inclusion of unoccupied sites as critical habitat 
(Fig. 2.1). Plants were relatively more likely to have unoccupied critical habitat identified than 
invertebrates (even once movement abilities were accounted for), whereas wide ranging birds and 
mammals were more likely than other vertebrate taxa to have critical habitats consisting only of 
known occupied sites (Fig. 2.3c). Species in Canada were also less likely to have unoccupied 
habitats recognised as part of designated critical habitat (Fig. 2.3d).  
 
Figure 2.3 Relative proportion of species for which unoccupied habitat was included (yes or no) in 
critical habitat designation grouped according to (a) species’ dispersal ability, (b) taxonomic 
group, (c) dispersal ability and taxonomic group combined, and (d) country of designation. The 
area of each bar represents the proportion of observations in each variable combination; zero 
observations are represented by a line and circle. 
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Figure 2.4 Relative influence of covariates on (a) the type of information used to identify critical 
habitat and (b) inclusion of unoccupied habitat as part of critical habitat designation for data on 50 
species and with 2 different content analysts. Relative influence was estimated with the variable 
importance score from conditional inference trees. Higher scores indicate greater influence of the 
predictor variable. The vertical dashed line indicates the absolute value of the lowest score and is 
used as a threshold value for evaluating variable significance. 
 
  
(a) Information type used 
(b) Unoccupied habitat included 
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In general, α-agreement values ranged from 0.17 to 0.50 (Table 2.1), indicating greater than chance 
agreement. Reliability values for the content analysis were lower than the recommended minimum 
threshold value of 0.667 (Krippendorff 2004), reflecting the difficulties experienced by the coders 
in identifying and interpreting critical habitat information. In particular, it was not always clearly 
stated whether any unoccupied habitat had been included in critical habitat and what decision rules 
were used to select areas for inclusion. However, for the relevant categories – the information type 
used in critical habitat identification and the inclusion of unoccupied habitats – we considered, 
similar results were obtained when data generated by each coder were analysed separately. For 
instance, content analysis results from each of the three coders all indicated that information on 
occurrence and habitat features were used more often to identify critical habitat than other data 
types (Table 2.1). Similarly, all three coders reported that the unoccupied habitats were more likely 
to be excluded than included as part of critical habitat (Table 2.1). Despite variation in the 
conditional importance scores, the set of covariates ranked as influential was also similar across two 
different data sets (Fig. 2.4). These results would suggest that the general trends identified are 
somewhat robust to low inter-coder reliability.  
Discussion 
Limited role of species persistence in critical habitat identification 
Using species persistence as the criterion to identify critical habitat requires information about the 
amount and quality of habitats, the relationship between habitat and population viability, the target 
population size or distribution needed for long-term population viability, and the amount and 
location of habitat needed to achieve the desired targets (Pulliam & Danielson 1991; Rosenfeld & 
Hatfield 2006). However, these data may not be available for most threatened and endangered 
species (Neel et al. 2012), resulting in the use of less rigorous criteria (Reed et al. 2006) and 
therefore a limited role for species persistence in critical habitat identification. 
Our results indicate that data limitation may be the main reason for inadequate identification of 
critical habitat. For instance, critical habitat for most of the species reviewed was identified 
primarily on the basis of known locations of populations or particular habitat features. Relatively 
few species’ critical habitats were identified using habitat suitability models, knowledge of spatial 
structure, or estimates of population viability, all of which require additional data on population 
size, population processes, and habitat requirements (Akçakaya & Sjögren-Gulve 2000; Guisan et 
al. 2013). The influence of taxonomic group on the types of data used also reflected the differences 
in the amount and quality of information available for each group. Critical habitat for plants, birds, 
and mammals, which have been relatively well studied, were more likely to be identified using 
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additional information on habitat spatial structure, habitat quality, or population viability. Previous 
studies have proposed similar explanations for the taxonomic bias in the frequency of designation 
(Hoekstra et al. 2002) and the application of biological criteria to critical habitat identification 
(Hodges & Elder 2008), although these differences may also be due in part to the higher public 
profile of these species or real biological differences among taxa.  
The desire to minimise potential conflicts, particularly in the form of legal challenges, may have 
also had an influence on critical habitat identification. We found that critical habitat identification 
for species for which there had been litigation over critical habitat was more likely to be based on 
the most information-heavy and rigorous approaches to identify habitat for inclusion. This finding 
corresponds with those of Hodges and Elder (2008), who found that a greater number of biological 
criteria were considered in critical habitat identification for court-ordered designations. We believe 
this correlation reflects the need for greater clarity and scientific rigor in identifying critical habitat 
when designation is likely to be challenged in court (Hoekstra et al. 2002; Hodges & Elder 2008). 
For instance, the only species in the review for which critical habitat was identified with explicit 
reference to population viability was the Northern Spotted Owl (Strix occidentalis caurina), which 
has been the subject of considerable controversy in the United States since its listing in 1990 
(USFWS 2012).  
Designation of unoccupied habitat 
Without reference to population viability or other interim recovery goals, it is difficult to determine 
how much habitat is critical for long-term persistence, including the proportion of unoccupied 
habitat that might be required for recovery. It is, therefore, perhaps unsurprising that that critical 
habitat designation for most species reviewed did not include unoccupied habitat. Excluding 
unoccupied habitat from designated critical habitat is likely to hinder species recovery when 
recovery depends on species reintroduction into, or colonisation of, currently unoccupied areas. For 
instance, recovery of black-footed ferrets (Mustela nigripes) in the United States, from 18 wild 
individuals in the 1980s to at least 362 breeding adults in 2012, was achieved through the successful 
reintroduction of captive bred individuals into unoccupied habitat with sufficient prey density 
(USFWS 2013b). The availability of suitable reintroduction sites for black-footed ferrets is 
considered as a limiting factor of recovery (USFWS 2013b). Down listing of this species is thought 
to be feasible with successful reintroduction to 6 sites over the next 10 years (USFWS 2013b). 
Delisting will require successful reintroduction to 20 additional sites over the next 20 years 
(USFWS 2013b). 
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Given that mobile species may be more likely to use currently unoccupied habitat over the short 
term, it is surprising that unoccupied habitat was less frequently included in critical habitat for these 
species. We believe this trend is also a consequence of limited data and the desire to minimise 
potential conflicts. For wide-ranging species, information on population dynamics and habitat 
requirements may be more difficult to determine, and justifying the need to protect unoccupied 
habitat is challenging. In addition, critical habitats of wide-ranging species are more likely to 
encompass larger areas and multiple jurisdictions, resulting in greater potential for conflict with 
landowners and other stakeholders who may be affected by designation.  
Effectiveness of critical habitat identification 
Over the past 10 years, the identification of critical habitat for threatened species has been 
inconsistent with its underlying intent – to protect habitat essential for persistence. In particular, 
targets for species persistence, such as threshold extinction risks, minimum viable population sizes, 
or delisting and recovery goals, were used to identify critical habitat for a small proportion of 
species in our review. In addition, unoccupied habitat was included as part of critical habitat for less 
than one-third of the species we considered. Hence, whether the identified critical habitat is 
sufficient to achieve species persistence or other recovery goals is unclear. Without reference to 
population viability or other recovery targets, it is difficult to determine how much of a species’ 
habitat will be required. This mismatch between the intent and actual practice poses a challenge to 
the effectiveness of critical habitat identification: lack of explicit consideration for population 
viability or recovery targets, as well as bias against including unoccupied habitat, may result in 
failure to identify and protect enough habitat for the recovery and long-term persistence of the 
species. 
Bridging the gap between the intent and practice of critical habitat identification should help 
improve its impact on species recovery by ensuring that sufficient habitat is protected in the right 
locations. Accurately identifying critical habitat can also provide greater certainty to landowners 
and other stakeholders by explicitly mapping areas wherein damage or destruction must be avoided. 
However, budget considerations and mandatory timelines in some jurisdictions often place a limit 
on the amount of time or money that can be spent improving the accuracy of designation (Darin 
2000). Calls for timely protection of habitat from further destruction or degradation (Possingham et 
al. 2007) and the need to take advantage of transient conservation opportunities (Knight & Cowling 
2007; Martin et al. 2012b) also mean that decisions on critical habitat often need to be made in the 
absence of perfect information. In short, there is a trade-off between maximising the accuracy of 
designation and minimising the potential for habitat loss and degradation over time, and the 
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effectiveness of critical habitat designation on species recovery may depend not only on the 
accuracy but also on the timeliness of designation. Therefore, while critical habitat should initially 
be identified based on currently available information regardless of the quality of the data, it is also 
important to ensure that these designations are updated and refined as new information becomes 
available.  
The effectiveness of critical habitat designations, however, depends not just on where prohibitions 
against destruction or damage apply, but also on how strictly these prohibitions are enforced. 
Designation of critical habitat may not necessarily translate into adequate protection because legal 
critical habitat prohibitions typically apply only to federal lands in Canada (Mooers et al. 2010) or 
to actions regulated by federal agencies the United States (Gibbs & Currie 2012). In addition, 
political opposition and fear of negative public response to critical habitat designation, combined 
with the perception that designation provides little added benefit to species protection, may have 
also discouraged government agencies from fully enforcing the legal provisions to designate and 
protect critical habitat (Robbins 2010; Greenwald et al. 2012; Owen 2012; Taylor & Pinkus 2013). 
Therefore, there is also a need to evaluate the implementation and enforcement of critical habitat 
protection before conclusions about the true impact of critical habitat designations on species 
recovery can be made. Ultimately, improving the effectiveness of critical habitat designation as a 
tool for species recovery will likely require decisive governance to ensure that both identification 
and protection of critical habitat are in line with the intent of the law – preventing extinctions and 
promoting species recovery.  
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 Chapter 3 CONSERVATION IMPLICATIONS OF ERRORS IN IDENTIFYING  
CRITICAL HABITAT FOR THREATENED SPECIES 
 
Abstract  
Incomplete knowledge of species’ habitat requirements and population dynamics means that 
habitats critical for long-term species persistence are imperfectly predicted. This causes two types 
of errors. False positive errors result from the incorrect identification of non-critical sites as critical 
habitat, and may lead to the inefficient allocation of conservation resources and lost development 
opportunities. In contrast, false negative errors, or the failure to identify areas that are truly critical, 
may result in species extinction. Here, we review how errors can result from the use of surrogate 
criteria, such as habitat occupancy, suitability, or quality, when identifying critical habitat, as well 
as from various model and parameter uncertainties. Understanding the causes of these errors can 
help improve the accuracy of critical habitat identification and, therefore, increase its benefits for 
species persistence.  
Keywords 
classification error, uncertainty, population modelling, habitat map, extinction risk, habitat 
protection  
Introduction 
The identification and protection of species’ critical habitat can be a powerful tool for species 
conservation. It is a legal requirement in a number of countries such as the United States and 
Canada, where the term critical habitat is legally defined as habitat areas that are “essential to the 
conservation” (Endangered Species Act of 1973, 16 USC §§ 1531-1544) or “necessary to the 
survival or recovery” (Species at Risk Act, SC 2002, c 29) of listed threatened and endangered 
species. In these countries, sites that have been legally designated as critical habitat are protected 
through prohibitions or restrictions on activities that may result in their adverse modification or 
destruction. 
Knowing where critical habitat occurs is crucial for ensuring its protection and, therefore, in helping 
to reduce the risks of extinction for species that rely on them. However, we rarely have sufficient 
information to identify accurately which habitats are critical. The resulting errors in the 
identification of critical habitat have important consequences for species conservation that are often 
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not adequately considered. Here, we contrast the science and practice of identifying critical habitat, 
discuss the causes and consequences of errors that result from the gap between scientific advice and 
actual practice, and consider the implications of such errors for species conservation. 
The science of critical habitat identification 
To identify critical habitat, we must first determine how the terms conservation, survival, and 
recovery should be interpreted. The United States Endangered Species Act (ESA) defines 
conservation as the use of methods and procedures to bring listed species to the point at which the 
measures provided by the ESA are no longer necessary (Endangered Species Act of 1973, 16 USC 
§ 1532). The term is therefore equated with recovery of the species to the point of delisting (Goble 
2009). In Canada, survival and recovery are not explicitly defined by the SARA; however, policy 
guidance documents have interpreted survival as persistence of the species over the short-term, and 
recovery as persistence over the long-term (Mooers et al. 2010). Based on these interpretations, as 
well as the stated purpose of endangered species legislation to conserve or recover threatened and 
endangered species to the point when they are no longer at risk of extinction (Endangered Species 
Act of 1973, 16 USC § 1531; Species at Risk Act, SC 2002, c 29, s 6), scientists have 
recommended that the term critical habitat should be operationally defined as the minimum subset 
of habitat, or resources and conditions, needed to allow the species or population to persist over the 
long-term (Murphy & Noon 1991; Hall et al. 1997; Reed et al. 2006; Rosenfeld & Hatfield 2006). 
This operational definition specifies the use of “species persistence” as the primary criterion for 
deciding whether sites are “essential to the conservation” or “necessary to the survival or recovery” 
of species (Reed et al. 2006; Rosenfeld & Hatfield 2006). 
A variety of approaches have been used to identify critical habitat (Camaclang et al. 2015). 
Spatially-explicit population modelling is considered to be the most rigorous approach to 
identifying critical habitat because it allows for the quantitative comparison of extinction risks 
under alternative management scenarios (Beissinger & Westphal 1998; Reed et al. 2006). These 
alternative scenarios may consist of different configurations of habitat areas (Dunning et al. 1995; 
Akçakaya 2001; Reed et al. 2006) and different predictions of landscape change over time 
(Akçakaya 2001). Habitat configurations for which extinction risks remain below a specified 
threshold level are then considered as critical for species persistence, and used to identify critical 
habitat (Reed et al. 2006).  
Exceeding the threshold extinction risk when all available habitat has been included in the spatially-
explicit population model may be an indication that the current amount, quality, and/or arrangement 
of existing habitat is inadequate to support long-term persistence of the species. In such 
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circumstances, a complete critical habitat map would include habitats that must be created or 
restored for species persistence. On the other hand, when more habitat is available than is required 
for the persistence of a particular species, different spatial configurations of habitat may equally 
enable persistence in the long term. This is likely to be the case if habitat areas of similar quality or 
that provide similar resources are, to some extent, substitutable (Dunning et al. 1992). Loss of some 
habitat areas, up to some threshold amount, may therefore not have much impact on species 
persistence when similar sites remain available to act as substitutes.  
When more habitat is available than what is needed to support long-term persistence of the species, 
habitat may not be considered as limiting for the species at this time. However, waiting until a 
threshold amount is lost before identifying and protecting critical habitat may not be the most 
prudent approach in practice. The risk of waiting too long and allowing too much habitat loss to 
occur is high, particularly for species with delayed population responses to changes in habitat 
availability (Fahrig 2001). Instead, it may be useful to consider social and economic factors to help 
identify a particular habitat configuration that may be easier or cheaper to protect than others (Reed 
et al. 2006; Rosenfeld & Hatfield 2006; Environment Canada 2009). This approach takes advantage 
of the substitutability of habitat areas that are of similar importance to allow greater flexibility in 
legal designation of critical habitat, while at the same time ensuring that the minimum amount of 
habitat is protected in the appropriate spatial configuration (Rosenfeld & Hatfield 2006). 
Critical habitat identification in practice 
In practice, it is virtually impossible to know with certainty which sites are needed to support the 
long-term persistence of any species. At best, we rely on imperfect models of habitat suitability and 
patch or metapopulation dynamics to predict the likelihood of persistence in different configurations 
of critical habitat over a somewhat arbitrarily chosen period of time (Akçakaya & Sjögren-Gulve 
2000). The set of habitat areas predicted to be critical is therefore unlikely to align perfectly with 
the set that is truly critical for persistence (Figure 3.1). This can result in two types of errors: failing 
to identify areas that may be critical (false negative or omission errors), or the incorrect 
identification of non-critical sites as critical habitat (false positive or commission errors) (Box 3.1). 
These errors may have important consequences for the long-term persistence of species, particularly 
if legal protection from the destruction or adverse modification of critical habitat applies only to 
sites that have been designated as such. Here, we consider two ways in which both false positive 
and false negative errors can occur in critical habitat identification: 1) the use of surrogate measures 
for long-term species persistence, and 2) uncertainties in the parameters and models used. 
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Figure 3.1 Two types of classification errors resulting from the mismatch between habitats that are 
truly critical for persistence (true critical habitat) and habitats identified as critical using the best 
available scientific information (identified critical habitat). 
Use of surrogate criteria to identify critical habitat 
For most species, the data needed to assess the probability of persistence are inadequate or simply 
not available (Morris et al. 2002). When the threat of habitat loss is ongoing, delaying conservation 
to collect more data can be risky, and may result in greater economic costs in the future and, more 
importantly, an increased likelihood of species extinction (Fuller et al. 2007; Martin et al. 2012). 
Furthermore, endangered species laws in the United States and Canada require the designation of 
critical habitat to the maximum extent possible given the best available scientific data (Smallwood 
et al. 1999; Mooers et al. 2010), while allowing for the subsequent refinement of critical habitat 
designation as more information becomes available (Environment Canada 2009). Therefore, rather 
than risk further habitat loss while waiting for the data needed to evaluate species extinction risks, 
sites for designation as critical habitat are often selected based on other criteria that may be easier to 
assess than long-term species persistence, such as habitat occupancy, suitability, or quality (Figure 
3) (Camaclang et al. 2015).  
 Habitat occupancy is generally considered to be indicative of the suitability of the site as 
habitat for the species, in that at least some of the resources needed by the species must be 
present at the site to allow the species to be there (Hall et al. 1997). Occupancy data are the 
easiest to obtain for most species; therefore, despite the imperfect link with habitat 
suitability, habitat occupancy is frequently used as the primary basis for critical habitat 
identification (Camaclang et al. 2015).  
 Habitat suitability maps can predict habitat occupancy by relating species occurrences or 
abundances with the physical and biological features of the site (Guisan & Thuiller 2005). 
Models of habitat suitability or species distributions, which can range from expert-derived 
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range maps to empirical and statistical models (Reed et al. 2006), can reduce false negative 
errors in critical habitat identification by identifying suitable sites (“potential habitat”) 
where the species may currently occur, but has not yet been detected (Gu & Swihart 2004), 
or unoccupied sites where it may reasonably be expected to occur in the future.  
 Habitat quality affects individual fitness and habitat selection, which in turn determines 
population growth and distribution and, consequently, species persistence (Van Horne 1983; 
Johnson 2007). Accurate assessment of habitat quality therefore requires knowing which 
features of the habitat affect species persistence. This may be identified by measuring the 
response of individuals or populations to differences in habitat characteristics (Johnson 
2007). Knowledge of habitat quality can be used to further refine critical habitat 
identification by identifying suitable sites that may be relatively more important to the long-
term persistence of the species. For instance, high-quality habitats are more likely to support 
source populations – populations with higher birth rates than death rates and where there is a 
net emigration (Pulliam 1988) – and may be disproportionately important in predicting 
equilibrium population size (Pulliam & Danielson 1991) and, therefore, long-term 
persistence.  
Using habitat suitability maps and habitat quality assessments, rather than occupancy data alone, 
can help improve the accuracy of critical habitat identification. However, obtaining the additional 
data needed to model habitat suitability and habitat quality incurs costs of time and money, and 
increasing model complexity can also introduce additional errors. Moreover, without directly 
estimating species extinction risks, it is difficult to determine the amount and spatial configuration 
of habitat areas needed for long-term species persistence. Relying on surrogate criteria, therefore, 
can lead to both false positive and false negative errors. For instance, not all suitable, occupied, or 
even high-quality sites may be needed for species persistence. This may be true for dispersive 
species – species that exhibit large scale or migratory movement (Gilmore et al. 2007) – such as the 
endangered leatherback sea turtles (Dermochelys coriacea) in the Atlantic Ocean, which do not use 
common migratory paths but return to the same sites for foraging during the summer (James et al. 
2005), or for species whose declines are largely unrelated to habitat loss, such as the northern 
abalone (Haliotis kamtschatkana) in Canada, which is considered to be at risk of extinction due to 
overexploitation (Campbell 2000). For these species, identifying critical habitat based simply on 
suitability, occupancy, or quality can result in false positive errors – the unnecessary designation of 
non-critical occupied, suitable, or high-quality sites (Figure 3.2). 
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Figure 3.2 Within a given area, sites may be occupied (yellow dashed circle) or not, suitable (light 
blue dotted circle) or not, and high-quality (blue dash-dotted circle) or not. Critical habitat (red 
solid circle) may consist of some, but likely not all, sites that belong to one or more of these 
different categories. Identifying critical habitat based primarily on the criteria of habitat 
occupancy, suitability, or quality may therefore result in different kinds of false positive and false 
negative errors. 
In contrast, for many threatened species, designating all occupied or all high-quality sites as critical 
habitat may not be sufficient to support long-term species persistence. Unoccupied and low-quality 
habitat may be needed to provide additional habitat for population recovery or species 
translocations (Dunning et al. 1992; Hagen & Hodges 2006), such as in the case of identifying 
critical habitat for the reintroduction of previously extirpated black-footed ferrets (Mustela nigripes) 
in Canada (Tuckwell & Everest 2009). Unoccupied habitat may also be critical for maintaining 
extinction-colonisation dynamics in species that exist as metapopulations (Hanski 1998), such as 
the endangered Ohlone tiger beetle (Cicindela ohlone) in California (Cornelisse 2013), while low-
quality habitat may play a critical role in maintaining evolutionary processes through local 
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adaptations to marginal environments (Kawecki 2008). Relying solely on either occupancy or 
quality to identify critical habitat may therefore result in false negative errors – the exclusion of 
critical unoccupied or critical low-quality habitats (Figure 3.2).  
When significant habitat loss or degradation has already occurred and is the primary cause of 
population decline, designating all remaining suitable sites as critical habitat may be insufficient for 
long-term persistence. Unsuitable sites may therefore need to be made suitable, for instance, 
through habitat creation or restoration, to provide additional habitat to support desired increases in 
population sizes. In particular, unsuitable occupied sites may be a priority for restoration as these 
sites can act as population sinks (Pulliam 1988), as in the use of suboptimal habitat by female 
greater sage-grouse (Centrocercus urophasianus) in Wyoming (Kirol et al. 2015), and may be 
indicative of recent habitat change that can result in an extinction debt (Kuussaari et al. 2009) 
unless managed or restored. The persistence of species that thrive in dynamic habitats, such as the 
Ord’s kangaroo rat (Dipodomys ordii) found on actively eroding sand dunes in Canada (Heinrichs et 
al. 2010), or species that are affected by climate change, such as the Quino checkerspot butterfly 
(Euphydryas editha) (Parmesan et al. 2015), may also depend on management or protection of sites 
that currently appear to be unsuitable or of low quality, but may provide good habitat in the future 
as environmental conditions change and ecological communities shift (Dawson et al. 2011; 
McDonald-Madden et al. 2011). Even without the promise of future suitability, however, currently 
unsuitable areas may still be of some importance; the quality of the matrix surrounding habitat 
patches affects the persistence of species occurring in fragmented habitats (Fahrig 2001; Deikumah 
et al. 2014). For these reasons, identifying critical habitat based on current habitat suitability alone 
can result in false negative errors – the failure to designate critical unsuitable sites (Figure 3.2) 
needed to support long-term persistence, and which may require management and restoration.      
Errors arising from parameter or model uncertainties 
Even supposing that the surrogate measures used to identify critical habitat can accurately predict 
which habitats are critical for species persistence, assessments of the quality, occupancy, and 
suitability of habitats are imperfect. Determining occupancy, for instance, depends on the 
detectability of the species and the amount, timing, and location of survey efforts (Gu & Swihart 
2004). It may therefore be difficult to ascertain, especially for species that exhibit long-distance 
movements such as migration and nomadism (Runge et al. 2014), rare or cryptic species (Gu & 
Swihart 2004) or those that exhibit periods of dormancy (Husband & Barrett 1996; Eriksson & 
Kiviniemi 1999). Evaluating the suitability or quality of habitat also depends on knowing which 
habitat features are truly important for the species (Guisan & Thuiller 2005; Johnson 2007), rather 
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than simply relying on features that are correlated with, but may not directly influence, species 
presence or abundance. Furthermore, accurate assessments of habitat quality should be based on 
sufficient knowledge of long-term population trends and their correlation with habitat features 
(Mitchell 2005), which may be difficult or costly to obtain. Uncertainties in the parameter estimates 
or model structure can therefore result in both false positive and false negative errors. For instance, 
the designation of non-critical unsuitable habitat that have been incorrectly identified as suitable in 
habitat suitability maps, or, conversely, the failure to designate a critical high-quality site that has 
been misclassified as unsuitable due to errors in the habitat suitability map. 
Classification errors resulting from parameter and model uncertainties may also occur when 
identifying critical habitat through spatially-explicit population models. Spatially-explicit models 
integrate spatial models of habitat suitability or quality with population models to estimate 
extinction risks, and are therefore subject to uncertainties in both component models (Beissinger & 
Westphal 1998). The importance of functional habitat connectivity (Uezu et al. 2005) among sites  
in promoting long-term persistence may also be difficult to assess. For some species, particularly 
those exhibiting long-distance dispersal, the distances and rates of dispersal, as well as the 
probability of surviving a dispersal event, may be unknown or subject to environmental factors that 
are difficult to predict (Wang & Smith 2002; Trakhtenbrot et al. 2005). Both false positive and false 
negative errors are therefore also likely to occur even when spatially-explicit population models are 
used to identify critical habitat. 
Identification vs legal designation 
Thus far, we have considered the errors that can arise in critical habitat identification due to 
imperfect information. However, errors may also arise due to the mismatch between sites predicted 
to be critical habitat and those that can be designated and protected. For instance, under the United 
States ESA, prohibitions against the destruction or adverse modification of critical habitat only 
apply to actions conducted or regulated by federal agencies (Endangered Species Act of 1973, 16 
USC § 1536). Furthermore, the ESA also provides for the potential exclusion of critical habitat sites 
from legal designation and protection based on perceived economic costs (Endangered Species Act 
of 1973, 16 USC § 1533). In Canada, protections against the potential destruction of critical habitat 
under SARA apply only to areas under federal jurisdiction (Species at Risk Act, SC 2002, c 29, s 
58). As a result of these legislative provisions and limitations, not all sites identified as critical 
habitat may be designated as such, potentially leading to false negative errors in critical habitat 
designation.  
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The consequences of errors 
Regardless of the reason, it is clear that the set of habitat areas identified and designated as critical 
will not correspond exactly to the set that is truly critical to species persistence. However, the two 
types of errors that result from this mismatch may have different consequences for species 
persistence (Peterman 1990; Reed et al. 2006) as well as different social, political, and economic 
costs. Selecting the type of error to minimise will therefore depend on the purpose behind 
identifying critical habitat, as well as the values and priorities of the decision makers and the people 
they represent (Guisan et al. 2013; Tulloch et al. 2015). 
When habitat areas that are not identified as critical habitat are subject to continued loss and 
degradation, then the failure to identify all habitats areas critical for persistence is, by definition, 
detrimental to the species; without enough habitat, no conservation effort will be sufficient to 
recover a species. In contrast, protecting additional areas that may not be truly critical may benefit 
the species by providing additional habitat to support more individuals, particularly when these non-
critical sites are of high quality. Therefore, given the asymmetrical nature of the consequences for 
species conservation, it may be preferable from a conservation perspective to use habitat suitability 
as a surrogate for species persistence, designating at least all suitable sites as critical habitat (Guisan 
et al. 2013; Connors et al. 2014) and thus minimising false negative errors. Minimising false 
negative errors may also be a more prudent approach when the purpose of identifying critical 
habitat is to prevent further population declines and eventual species extinction due to continued 
habitat loss and degradation. 
Critical habitat designations are often controversial and can be costly (Brown & Shogren 1998). 
From a political and economic standpoint, therefore, minimising false positive errors may be a more 
desirable option (Connors et al. 2014). From this perspective, it may be preferable to wait until 
more information becomes available before designating critical habitat, or to designate only 
demonstrably high-quality, occupied sites that are more likely to be critical. Similarly, when the 
primary purpose of identifying critical habitat is to prioritise the allocation of limited conservation 
resources, minimising false positive errors will ensure more targeted investment that maximises the 
effectiveness of habitat protection given limited time and money.  
Accounting for errors in critical habitat identification and designation 
Imperfect knowledge means that some areas that are truly critical for species persistence will be 
missed, and areas that are not necessary for persistence will be incorrectly designated as critical. 
However, efforts to communicate this possibility to the public often consist simply of caveats 
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regarding the potential importance of habitat areas outside designated critical habitat (e.g., USFWS 
2015), or the need for modifications to the map of identified critical habitat as new information 
become available (Environment Canada 2009). Without explicit recognition of the potential errors, 
sites designated as critical habitat may be quite reasonably misinterpreted by the public as the only 
ones necessary for species persistence. In addition, if protection for critical habitat, in the form of 
legal prohibitions against the adverse modification or destruction of habitat, only applies to those 
that have been designated, then areas that may have been incorrectly identified as non-critical will 
be at greater risk of continued habitat loss or degradation. In this sense, errors in critical habitat 
identification can lead to the inefficient allocation of conservation resources (Bottrill et al. 2008), 
or, at worst, to perverse outcomes such as the false assumption of adequacy (Soulé & Sanjayan 
1998), that may detract from, rather than contribute to, species conservation. 
Evaluating the accuracy of a particular habitat model used to identify critical habitat will require 
knowledge of long-term population dynamics within identified critical habitat sites to confirm or 
validate the predictions made by the model. For this reason, it may be difficult to provide a measure 
of accuracy at the time of critical habitat designation. Instead, information on the level of 
uncertainty in critical habitat identification may be used to minimise the possibility of 
misinterpretation and allow for better consideration of these uncertainties in decision-making (Elith 
et al. 2002). For example, providing some measure of the relative importance of individual sites or 
patches, such as species occurrence probabilities, habitat suitability index values, extinction 
probabilities, or degree of confidence in expert opinions, can help illustrate the potential for errors 
that can occur when simplifying a continuous measure into a binary classification – critical or non-
critical – based on some threshold value, which may itself depend on the preference for minimising 
false positive or false negative errors (Jiménez-Valverde & Lobo 2007). Describing relative habitat 
importance as a continuum, rather than simply as critical or not, can help identify sites that might be 
critical but that fall just short of the threshold value required for designation. Additional research 
can be conducted to confirm whether the site is truly critical, and alternative means of protection 
may be provided in the meantime. Spatially-explicit assessments of uncertainty can also help 
identify areas where errors were likely to have occurred, and therefore where further research and 
additional protections may be needed (e.g., Rocchini et al. 2011). 
In theory, loss of any genuinely critical habitat will, by definition, result in the eventual extinction 
of the species. The likely prevalence of the errors we have discussed means that we should be wary 
of relying solely on critical habitat designation to ensure that sufficient habitat remains available to 
support persistence. The effectiveness of critical habitat designation as a conservation tool therefore 
depends not just on minimising the errors in designation, but also on the adequate protection of 
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currently designated critical habitat and some protection for undesignated areas that may later be 
found to be critical for species persistence. Developing policies to facilitate frequent revisions of 
critical habitat designation, to reflect improvements in model accuracy, will also help improve its 
effectiveness for species conservation. 
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Box 3.1 Classification errors in critical habitat identification 
In the simplest case, the identification of critical habitat may be viewed as a binary classification 
problem – habitat sites, or combinations thereof, are either critical or not. Within this context, two 
types of possible errors can arise: false positives (Type I error), wherein habitats are identified by 
our model as critical when they are not truly critical, and false negatives (Type II error), wherein 
some critical habitat are not identified by the model (Figure 3.3). For instance, for rare and cryptic 
species, or those that occur as metapopulations, identifying only known occupied sites as critical 
habitat may result in many false negatives when unoccupied habitats are critical for population 
recovery (Hagen & Hodges 2006) and extinction-colonisation dynamics (Hanski 1998). In contrast, 
identifying all suitable areas as critical can either result in a number of false positives when more 
suitable habitats are available than are needed, or in false negatives if there are currently insufficient 
suitable areas to ensure persistence. Even the use of a spatially explicit population model can result 
in both types of error due to model and parameter uncertainties (Beissinger & Westphal 1998). 
Knowing the types of errors that can occur in the identification of critical habitat can help improve 
understanding of the potential implications of these errors on species persistence. 
  Predicted habitat 
  Critical Non-critical 
Actual 
habitat 
Critical 
Correctly identified  
critical habitat  
(true positives, hits) 
Unidentified  
critical habitat  
(false negatives, misses,  
omission errors, Type II errors) 
Non-critical 
Incorrectly identified  
non-critical habitat  
(false positives, false alarms,  
commission errors, Type I errors) 
Correctly identified  
non-critical habitat  
(true negatives,  
correct rejections) 
 
Figure 3.3 Confusion matrix showing the terms used to describe the different combinations of 
actual and predicted classes of habitat possible. In this scheme, predicted habitat refers to those 
areas that are predicted, or identified, as either critical or non-critical by a given habitat model. In 
contrast, actual habitat refers to areas that are truly critical or not critical to long-term persistence. 
 Chapter 4 OPTIMISING THE TRADE-OFF BETWEEN LEARNING AND DOING IN 
IDENTIFYING PROTECTED HABITATS 
 
Abstract 
Species’ habitats should be identified as accurately as possible to maximise the benefit to 
conservation and minimise the financial costs of protection. However, delaying habitat protection to 
improve the accuracy of habitat mapping will mean habitat could be lost or threats within the 
habitat could continue unabated. Hence, there is a trade-off between the gains from improved 
knowledge that delivers more accurate mapping, and the losses from delayed protection or action. 
We used an optimisation approach to examine this trade-off and determine how much time should 
be spent learning before protecting habitat. We used hypothetical learning curves to model 
improvements in accuracy over time, and a family of Receiver Operating Characteristic (ROC) 
curves to model the corresponding increase in the proportion of habitat correctly protected or the 
proportion of the population protected. Different rates of habitat loss or reductions in population 
growth rate were used to model the cost of delaying habitat protection. 
We applied the approach to determine the optimal amount of time to spend learning before 
protecting habitats for northern abalone (Haliotis kamtschatkana) in Canada and koalas 
(Phascolarctos cinereus) in Australia. For northern abalone, poaching mortality was used to 
estimate the cost of delayed protection; for koalas, estimates of vegetation clearing rates were used 
to model habitat loss in the absence of habitat protection. 
Our model highlights the need for timely protection when the impacts of threatening processes are 
incurred rapidly, and the benefits of greater accuracy in identification when the impacts of threats 
are incurred slowly. When the threat is low, the optimal time to spend learning varied widely 
depending on assumptions about how we learn and the proportion of non-habitat we are willing to 
protect. However, at high levels of threat, the optimal amount of time becomes less than 3 years, 
regardless of learning rate.  
Synthesis and applications. By optimising the trade-off between the benefits of improved habitat 
mapping accuracy and the costs of delays in habitat protection, we can provide guidelines on the 
effective allocation of conservation resources towards research or habitat protection. Furthermore, 
by using hypothetical learning curves and simple estimates of the rates of habitat loss or other 
threatening processes to model this trade-off, the optimal time to spend learning can be estimated 
even when relatively little is known about a species and its habitat use. 
52 
Keywords 
optimisation, decision theory, conservation, threatened species, critical habitat, learning curve, 
receiver operating characteristic (ROC) curve, classification error, habitat loss, species distribution 
model 
Introduction 
Effective management typically relies on knowledge of the ecosystem or taxa being managed. In 
many cases, there is limited information available to inform management decisions, resulting in 
delays in taking action in order to obtain more data. Delays in management action may have severe 
consequences, resulting, for example, in the irreversible loss of a species such as the Christmas 
Island pipistrelle (Pipistrellus murrayi), a small insectivorous bat species listed as endangered in 
2001 and intensively monitored since 2004 (Beeton et al. 2010; Martin et al. 2012). Continued 
decline of the Christmas Island pipistrelle resulted in a change in status to critically endangered in 
2006, along with warnings that radical action, such as captive breeding and reintroduction, may be 
required to prevent extinction (Beeton et al. 2009). However, by the time the decision to proceed 
with captive breeding was made in 2009, only a single individual could be detected, resulting in the 
failure of the captive breeding program (Lumsden 2009). The continued decline or eventual 
extinction of the Christmas Island pipistrelle and that of a number of other species, as a result of 
delaying conservation action in favour of additional research or monitoring (Lindenmayer et al. 
2013), thus serves to emphasise that the need for more knowledge to inform decision-making 
should be balanced with the need for timely responses to threatening processes to ensure improved 
management outcomes and prevent further biodiversity losses (Lindenmayer et al. 2013). 
When the type of action in question is flexible and can easily be changed in response to improved 
knowledge, an adaptive management approach may be useful in balancing the need for information 
with the need for timely action. Adaptive management is an iterative approach wherein information 
regarding the outcomes of implemented actions are used to reduce uncertainty about the system 
being managed and inform future management decisions (Walters & Hilborn 1978). However, not 
all actions are easily changed in response to improved knowledge. In particular, actions that require 
changes in policies or regulations, such as the establishment of parks and protected areas, legal 
designation of critical habitats for listed species, or designing and adopting financial incentive 
schemes for private land conservation, may be difficult and costly to modify. Therefore, for these 
actions, striking the right balance between the need for better information and the need to take 
action quickly is important for improving conservation outcomes. 
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The question of when to prioritise information gain over management action has been explored 
previously within the context of detection and control of invasive species (Mehta et al. 2007; Baxter 
& Possingham 2011), design of terrestrial or marine protected areas (Polasky & Solow 2001; 
Gerber et al. 2005; Grantham et al. 2009), monitoring and management of threatened species 
(Chades et al. 2008; McDonald-Madden et al. 2010; Maxwell et al. 2015), and the designation of 
critical habitats for listed threatened species (Martin et al. In Revision, see Appendix 1). In these 
studies, the optimal time to spend on research and data collection is typically estimated by 
considering the trade-off between the costs and benefits of delaying action to improve knowledge. 
However, the modelling approaches used in these studies often require additional data and high 
levels of technical expertise that may not be readily available (Field et al. 2007). Simpler tools for 
estimating the optimal time to spend on learning will be useful for assisting managers to prioritise 
between research and management activities. 
In this study, we used a range of hypothetical learning curves and the predicted impact of 
threatening processes over time to predict the optimal amount of time to spend on research before 
taking conservation action. We applied our approach to the protection of habitat for listed 
threatened species by determining the optimal time to protect habitats for the northern abalone 
(Haliotis kamtschatkana) in Canada and the koala (Phascolarctos cinereus) in Australia. Our aim 
was to provide a method of predicting the optimal amount of time to allocate to primary data 
collection before protecting habitat when not much information is available, particularly at the start 
of a new research and conservation program.  
Methods 
We used decision theory – a systematic framework for making decisions that explicitly considers 
the objectives, possible actions, and the potential outcomes of each action (North 1968; Keeney 
1982; Shea & the NCEAS Working Group on Population Management 1998) – to determine the 
optimal time to spend learning before taking action. To do this, we first define the decision problem 
in terms of the conservation objective, the actions that the decision-maker can take, and how those 
actions influence the state of the system. We then describe the dynamics of the system model and 
formulate an objective function that can be solved to determine the optimal time to protect habitat. 
Finally, we demonstrate the use of our optimisation approach to help decide when to protect habitat 
for two threatened species, the northern abalone and the koala.  
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Problem statement 
We consider the scenario wherein a decision maker (e.g., a biologist or conservation planner) must 
select sites to designate as protected habitat for a given species. The conservation objective is to 
maximise the proportion of the initial habitat area that is designated. The underlying assumption is 
that doing so will decrease the impacts of threatening processes on the species through habitat 
protection, while also minimising the costs of unnecessary protection that can result from incorrect 
designation.  
For each time step, there are two possible actions initially available to the decision maker: a) 
continue to collect data, or b) identify and designate habitat for protection. Data are collected and 
used to develop habitat models, such as species distribution models (Elith & Leathwick 2009), 
which predict the location of sites that are likely to be habitat for a species. Sites identified as 
potential habitat by these models are then designated for protection. Designation of habitats can 
only occur once, and is based on the accuracy of the habitat model used at the time of identification. 
However, once designation occurs, designated sites are considered to be fully protected against 
further loss, degradation or other threatening process, and no further action is necessary.  
For our purposes, the state of interest is the proportion of the initial habitat area that will be 
identified and protected at each time step if this action is taken. This proportion changes in response 
to the dynamics of two variables: a) the accuracy of the habitat model used for identification, and b) 
the amount of habitat available. As accuracy improves with more data, the ability to correctly 
predict species’ habitat should increase. Therefore, delaying protection to improve the accuracy of 
habitat models can result in a greater proportion of habitat protected than if protection occurred 
immediately (e.g., Fig. 4.1a). However, until habitats are protected, they are vulnerable to 
destruction and degradation over time, resulting in a smaller total area of habitat available for 
protection (e.g., Fig. 4.1b). The proportion of the initial habitat area that is eventually protected 
may, therefore, also decrease over time due to habitat loss.  
Achieving the conservation objective will require determining the value of the control variable – 
the amount of time to spend learning – that optimises the trade-off between improving accuracy and 
minimising habitat loss. The decision-maker can then decide when to protect habitat to maximise 
the proportion of habitat that is protected. 
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Figure 4.1 An example of the potential change in the percentage of the initial habitat area over 
time: a) protected as a result of increasing accuracy, assuming no loss of habitat and a hyperbolic 
learning curve; and b) remaining after habitat loss occurs, assuming an exponential decline in 
habitat area over time. Using different functional forms to simulate the increase in accuracy over 
time or the rate of habitat loss will result in different rates of change in the percent of habitat area 
protected or remaining over time. 
 
State model and objective 
To determine the optimal time, t*, to protect habitat, we consider a set of sites, A, that are either 
habitat, H, or matrix, M, where M = A – H (Fig. 4.2). Here, habitat is defined as the conditions or 
resources that allow a species to occupy a given site or location (Hall et al. 1997), while the matrix 
refers to the surrounding area that is unsuitable for the species (Fahrig 2001). When identification 
occurs at time t, sites are either protected, P, or not, A – P (Fig. 4.2). The proportion, f, of the initial 
habitat area that is protected at time t is therefore  
𝑓(𝑡) =  
𝑥𝐻∩𝑃(𝑡)
𝑥𝐻(0)
,  (eqn 1) 
where xHP(t) represents the total area, x, of the set of habitat sites that are protected, H  P, at time 
t, and xH(0) is the area of the set of habitat sites at time t = 0. The conservation objective of 
maximising the proportion of the initial habitat area protected over a given period of time, T, can 
then be expressed as 
max
𝑡 ∈ [0,𝑇]
𝑓 (𝑡),   (eqn 2) 
b) a) 
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and the optimal time to protect habitat that will achieve the objective can be predicted by finding 
the value of t that satisfies this equation (eqn 2). To find this optimal time, we need to determine 
how the area of habitat that is correctly protected changes over time due to learning and habitat loss. 
 
 
Figure 4.2 Conceptual diagram illustrating the relationship between the set of sites that is habitat 
and the set that is protected based on models of habitat suitability. As learning occurs and accuracy 
increases, the overlap between the set of protected sites and the true set of species habitats should 
also increase, resulting in a greater proportion of habitat protected. 
 
Model dynamics 
1. Improved accuracy 
Initially, when little or no information is available to develop habitat models, we assume that 
designation is little better than random, so that both habitat and non-habitat sites are equally likely 
to be selected for protection. However, we expect that knowledge of the habitat needs and 
preferences of a species improves over time as more data are collected. Therefore, we assumed that 
the accuracy, a, of habitat models improves over time with more research. In the absence of detailed 
knowledge about the rate at which we learn about species and their habitat needs, we used a range 
of hypothetical learning curves (Fig. 4.3, Table 4.1) to model the change in a as a function of the 
time spent learning (Martin et al. In Revision, see Appendix 1). We then modelled the change in the 
proportion  of the total habitat that is protected as a function of a(t) using a family of Receiver 
Operating Characteristic (ROC) curves (Fig. 4.4) of the form 
𝛿(𝑡) = 𝛽
1
𝑎(𝑡),   (eqn 3) 
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where 𝛿 =
𝑥𝐻∩𝑃
𝑥𝐻
 is the true positive rate, or the proportion of habitat that is correctly protected, and 
𝛽 =
𝑥𝑀∩𝑃
𝑥𝑀
  is the false positive rate, or the proportion of the matrix that is incorrectly protected as 
habitat. The total area of habitat that becomes protected at time t can then be determined by 
multiplying the proportion of habitat correctly designated at time t by the area of habitat available: 
𝑥𝐻∩𝑃(𝑡) = 𝛿(𝑡) ∙ 𝑥𝐻(𝑡). (eqn 4) 
 
Figure 4.3 Hypothetical learning curves simulating the increase in accuracy of habitat 
identification over time (based on Martin et al. In Revision, see Appendix 1). Curves assume that a 
= 1 at time t = 0 (no prior information, habitat identification is random). 
 
Table 4.1 Change in information accuracy, a, over time, t, with different shapes of hypothetical 
learning curves used. 
General Equation Shape Type 
𝑑𝑎
𝑑𝑡
 
𝑎(𝑡) =
9
50
𝑡 + 1 Linear 𝑁𝐴 
9
50
 
𝑎(𝑡) = 10 − 9𝑒−𝛾𝑡 Hyperbolic 
1) 𝛾 = 0.10 
2) 𝛾 = 0.25 
9𝛾𝑒−𝛾𝑡 
𝑎(𝑡) =
𝐶
1 + 𝑒
ln(𝐶−1)∙(𝑋−𝑡)
𝑋
 Sigmoid 
1) 𝐶 = 11, 𝑋 = 25 
2) 𝐶 = 10, 𝑋 = 15 
ln (𝐶 − 1)𝑒
ln (𝐶−1)∙(𝑋−𝑡)
𝑋
𝑋 (1 + 𝑒
ln(𝐶−1)∙(𝑋−𝑡)
𝑋 )
2
 
58 
 
Figure 4.4 Relationship between the proportion of habitat correctly identified (true positives, ) 
and the proportion that is incorrectly identified (false positive, ) for different levels of accuracy 
(a). With random identification of habitat (e.g., a = 1), the rates of true positives and false positives 
are equal (linear relationship), however, as accuracy increases, the proportion of true positives 
increases faster than false positives, resulting in a steeper hyperbolic curve. 
 
2. Ongoing habitat loss 
When protection is delayed in favour of improving accuracy, habitats are vulnerable to ongoing 
threats. For instance, recent data estimates that 0.08% of global forest area is lost annually since 
2010 (Keenan et al. 2015) and is predicted to continue to decrease, although at a declining rate, over 
the next 15 years (d’Annunzio et al. 2015), while global wetland area decreased by an estimated 
average rate of 0.57% per year since 1990 (Davidson 2014). Similarly, in the marine environment, 
seagrass cover has decreased by 1.26% per year during the period 1990-2000 (Waycott et al. 2009), 
and coral reef cover in the Great Barrier Reef has decreased by about 0.13-0.16% each year 
between 1995 and 2009 (Osborne et al. 2011).  
The total area of species habitat, xH(t), is therefore likely to change over time due to habitat loss. 
We modelled the decrease in habitat area over time as a result of habitat loss (e.g., Fig. 4.1b) using 
an exponential decay function, which models the rate of change in the total habitat area as 
proportional to the current area, according to: 
𝑑𝑥𝐻
𝑑𝑡
= −𝜆𝑥𝐻 ,    (eqn 5) 
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where  is the exponential decay constant. The total area of habitat available at the time of 
designation is therefore predicted by 
𝑥𝐻(𝑡) = 𝑥𝐻(0)𝑒
−𝜆𝑡.   (eqn 6) 
Optimising the trade-off between improving accuracy and minimising habitat loss 
Given that the area of suitable sites, xH, decreases over time due to habitat loss (eqn 6), the total area 
of the subset of habitat that is designated at time t can be found by substituting eqn 3 and eqn 6 into 
eqn 4 to give: 
𝑥𝐻∩𝑃(𝑡) = 𝛽
1
𝑎(𝑡) ∙ 𝑥𝐻(0)𝑒
−𝜆𝑡.  (eqn 7) 
We can express this as a proportion of the initial habitat area to give us the state of the system at 
time t: 
𝑓(𝑡) =
𝑥𝐻∩𝑃(𝑡)
𝑥𝐻(0)
= 𝛽
1
𝑎(𝑡) ∙ 𝑒−𝜆𝑡,  (eqn 8) 
Substituting eqn 8 into eqn 1, and given different functions for a(t) and a range of values for  and 
, the optimal time to spend learning before designating habitat can be therefore determined by 
finding the value of t that maximises f(t) (e.g., Fig. 4.5), or: 
max
𝑡 ∈ [0,𝑇]
𝛽
1
𝑎(𝑡) ∙ 𝑒−𝜆𝑡.   (eqn 9) 
 
Figure 4.5 Percent of suitable habitat area correctly designated when no habitats are lost (solid 
line) and when  = 0.03 of habitat is lost at each time step (dashed line), using a hyperbolic 
learning curve. The optimal time to designate protected habitat is t*. 
t* 
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Analytic Solution 
Depending on the specific learning curve used to simulate the improvement in accuracy over time, 
the optimal time that maximises f(t) (eqn 9) (Fig. 4.5) can be found either analytically or 
numerically. For the learning curves used here (Table 4.1), an analytical solution can be found by 
finding the critical points, that is, by setting the derivative of the function to equal 0 and solving for 
t, where t  0, as follows: 
0 =
𝑑
𝑑𝑡
𝛽
1
𝑎(𝑡) ∙ 𝑒−𝜆𝑡 
0 =
𝑑
𝑑𝑡
𝑒−𝜆𝑡 ∙ 𝛽
1
𝑎(𝑡) +
𝑑
𝑑𝑡
𝛽
1
𝑎(𝑡) ∙ 𝑒−𝜆𝑡 
0 = −𝜆𝑒−𝜆𝑡 ∙ 𝛽
1
𝑎(𝑡) + 𝛽
1
𝑎(𝑡) ln 𝛽 ∙
1
−𝑎(𝑡)2
∙
𝑑𝑎
𝑑𝑡
∙ 𝑒−𝜆𝑡 
0 = −(𝜆 +
ln𝛽
𝑎(𝑡)2
∙
𝑑𝑎
𝑑𝑡
), 
where da/dt is the first derivative of the function a(t) used to model changes in accuracy over time 
(Table 4.1). For each type of learning curve, a(t), and the corresponding derivative, da/dt, the 
optimal time t* to designate habitat for protection is: 
Linear  𝑡∗ =
{
 
 
 
 50√−
ln𝛽
9
50
𝜆
−1
9
, 0 < 𝜆 < − ln𝛽
9
50
0, 𝜆 ≥ − ln𝛽
9
50
𝑇, 𝜆 ≤ 0
 
Hyperbolic  𝑡∗ =
{
 
 ln
9(20𝜆−𝛾 ln𝛽+√−𝛾 ln𝛽(40𝜆−𝛾 ln𝛽))
200𝜆
𝛾
, 0 < 𝜆 < −9𝛾 ln 𝛽
0, 𝜆 ≥ −9𝛾 ln 𝛽
𝑇, 𝜆 ≤ 0
 
Sigmoid  𝑡∗ =
{
 
 𝑋 − ln (−
𝜆𝐶2𝑋
ln𝛽 ln(𝐶−1)
)
𝑋
ln(𝐶−1)
, 0 < 𝜆 < −
(𝐶−1) ln𝛽 ln(𝐶−1)
𝐶2𝑋
0, 𝜆 ≥ −
(𝐶−1) ln𝛽 ln(𝐶−1)
𝐶2𝑋
𝑇, 𝜆 ≤ 0
 
 
Alternatively, a solution can be found by solving eqn 8 for each time step t ϵ [0,T] and determining 
which time step yields the highest value of f. 
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Predicting the effect of habitat protection on populations 
Thus far, we assumed that maximising the area of habitat protected will also maximise population 
abundance or the probability of persistence of the species. However, the relationship between 
habitat size and population abundance will not necessarily be linear. In addition, for some species 
the threatening process is not habitat loss per se, but rather predation or exploitation within their 
habitat. In this case, it may be more relevant to use information on population growth rates to 
predict the optimal time to spend on learning by modelling the change in population size over time 
instead of the change in habitat area. Assuming the absence of density-dependence, we use an 
exponential model of population growth to predict population size at time t:  
𝑁(𝑡) = 𝑁(0)𝑒𝑟𝑡,   (eqn 10) 
where N(0) is the initial population size, and r is the intrinsic rate of increase of the population.  
As learning occurs over time, the proportion of habitat protected will also increase. Here, we equate 
the protection of habitat to the management or reduction of the threatening processes within the 
protected habitat. Assuming that individuals of a species occur and persist only in habitat sites, and 
individuals are evenly distributed within this area, the number of individuals protected at the time of 
protection, NP(t), depends on the proportion of habitat identified, such that: 
𝑁𝑃(𝑡) = 𝛿(𝑡) ∙ 𝑁(𝑡) = 𝛽
1
𝑎(𝑡) ∙ 𝑁(0)𝑒𝑟𝑡.         (eqn 11) 
The proportion of the initial population that is protected at time t can then be expressed as: 
𝑁𝑃(𝑡)
𝑁(0)
= 𝛽
1
𝑎(𝑡) ∙ 𝑒𝑟𝑡.    (eqn 12) 
Assuming that the probability of species persistence increases with the number of individuals 
protected, the optimal time to spend on learning before protecting habitats can be determined by 
finding the value of t that will result in the greatest proportion of the initial population protected, or  
max
𝑡 ∈ [0,∞)
𝛽
1
𝑎(𝑡) ∙ 𝑒𝑟𝑡.     (eqn 13) 
This equation is the same as the one given for maximising the proportion of the initial habitat area 
that is identified and protected (eqn 9), but with a negative population growth rate, -r, substituting 
for the rate of habitat loss, λ. Therefore, the analytical solutions will be the same as given in the 
previous section, where λ = -r 
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Protecting habitat for northern abalone and koalas 
We demonstrate the use of this approach to determine the optimal time to spend learning before 
protecting habitat for two threatened species, the northern abalone in the west coast of Canada and 
the koala in South East Queensland, Australia. Given the lack of information about the rates of 
learning for either species or the rates of false positive errors considered acceptable, we used a 
sensitivity analysis approach to model the change in the proportion of area correctly identified over 
time, (t), for a range of hypothetical learning curves (Table 4.1) and  values ranging from 0.1 to 
0.9. We then examined how changes in the learning curves or  values influenced the optimal time 
to spend learning for a range of habitat loss or population growth rates. 
The northern abalone is a marine mollusc found along the west coast of North America, and is 
currently listed as endangered in Canada. The northern abalone has suffered considerable 
population declines due to commercial fishing during the last century, resulting in fishery closures 
in the 1990s (Sloan & Breen 1988). However, populations continue to decline due to illegal harvest, 
or poaching, with instantaneous poaching mortality estimated to range from 0.1 to 0.7 (Campbell 
2000), corresponding to about 10 – 50% mortality per year. In this example, we assume that 
poaching mortality is directly proportional to the area poached, and that protection of an abalone 
patch will result in successful prevention of further poaching at that site due to increased resources 
directed towards additional monitoring and other anti-poaching activities, thus resulting in a 
corresponding decrease in poaching mortality. Therefore, we used poaching mortality (m) estimates 
of 0.1 – 0.5 as  to simulate habitat loss. We also used poaching mortality values to derive an 
estimate of r from a maximum growth rate (Rmax) value of 1.3 for average habitat (Chadès et al. 
2012, Supporting Information), according to r = log(Rmax) – m.  
The koala is a charismatic marsupial endemic to eastern Australia, and is currently listed as 
vulnerable in Australia. Declines in koala populations have been attributed primarily to habitat loss 
and fragmentation, either directly through the loss of food resources, or indirectly through higher 
incidences of vehicle strikes and dog attacks at higher land-use intensities (Natural Resource 
Management Ministerial Council 2009). There is also some evidence to suggest that disease 
mortality in koalas may be partially attributed to increased physiological stress resulting from 
habitat loss and fragmentation (Brearley et al. 2013). For this study, we focus on identifying 
habitats for koala populations in the Koala Coast, an area in southeast Queensland with a high 
concentration of koalas and that is currently under threat from habitat loss and urbanisation (Rhodes 
et al. 2011). To model habitat loss, we used estimates of the percent loss in woody vegetation cover 
in the study area of 0.77% for 2006-2007 and 0.27% for 2010-2011, as obtained from the Statewide 
Landcover and Trees Study Reports (Department of Natural Resources and Water 2008; 
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Queensland Department of Science 2014). Changes to Queensland’s Vegetation Management Act 
in 2006 and 2009 phased out the broadscale clearing of remnant vegetation and increased 
restrictions on clearing of regrowth vegetation. However, subsequent changes to the Act in 2013 
introduced additional purposes for which clearing can be approved, as well as the removal of 
restrictions for regrowth vegetation clearing in some areas, thus potentially paving the way for a 
return to pre-2009 clearing rates. By using clearing rates from 2006-2007 and 2010-2011, we can 
examine how the recent changes to the legislation may affect the trade-off between information gain 
and management action. We use r = log(0.927), estimated with population survey data from 1996-
2008 (Rhodes et al. 2011), to model pre-2009 population growth, and r = log(0.97), which is the 
predicted rate if all non-forested areas in the Koala Coast are restored (Rhodes et al. 2011), to 
model population growth when habitat loss is reversed. The negative growth predicted by the 
population model even when 100% of non-forested areas in the region are restored reflects model 
assumptions that habitat restoration only affects birth rates and mortality from disease or natural 
causes; restoration was therefore not expected to have a direct effect on mortality due to vehicle 
collisions and dog attacks (Rhodes et al. 2011). The population model used to estimate population 
growth rates also assumed the absence of density dependence, given the rapid decline of the koala 
population and the resulting likelihood that the population is well below carrying capacity (Rhodes 
et al. 2011). 
Results 
General trends 
In our model, the optimal amount of time to spend learning before protecting habitats decreased 
with increasing rates of habitat loss () or decreasing intrinsic rate of population increase (r), and 
for higher thresholds of false positive errors () (Figs. 4.6 – 4.7). The shape of the learning curve 
also has an effect on the optimal time to spend learning; when initial learning rates are fast, as in 
hyperbolic curves, the optimal amount of time to spend learning before protecting habitats is shorter 
than when initial learning rates are slow, as observed in sigmoid learning curves.  
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Figure 4.6 Optimal time to protect habitat for a) northern abalone as a function of the rate of poaching, and b) koala as a function of the rate of 
habitat loss, with  = 0.5 (solid line),  = 0.1 (upper dashed line), and  = 0.9 (lower dashed line), using a linear learning curve, a hyperbolic 
learning curve with  = 0.25, and a sigmoid learning curve with C = 10, X=15.  
a) northern 
    abalone  
b) koala 
Linear learning curve Hyperbolic learning curve Sigmoid learning curve 
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Figure 4.7 Optimal time to protect habitat for a) northern abalone, and b) koala as a function of the rate of population increase, with  = 0.5 (solid 
line),  = 0.1 (upper dashed line), and  = 0.9 (lower dashed line), using a) linear learning curve, b) hyperbolic learning curve,  = 0.25, and c) 
sigmoid learning curve with C = 10, X = 15
a) northern 
    abalone  
b) koala 
Linear learning curve Hyperbolic learning curve Sigmoid learning curve 
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The optimal amount of time to spend learning appeared to be more sensitive to the shape of the 
learning curve and the false positive rate, and the interaction between the two parameters, at low 
rates of habitat loss. When habitat loss is occurring slowly, e.g.,  ≤ 0.1, learning curves with slow 
initial rates of learning yielded a wider range of optimal learning periods for the range of false 
positive errors considered, 0.1 ≤ ≤ 0.9, than learning curves with fast initial learning rates (Fig. 
4.6). Similarly, at low rates of habitat loss, small  values resulted in a wider range of optimal 
learning period for the different learning curves than high  values. However, at high rates of 
habitat loss (e.g.,  0.5), the optimal amount of time to spend learning tends to converge to 0 
years regardless of either the learning curve or  value. 
For stable or increasing populations (r  0), delays in habitat protection posed no additional cost, 
and therefore the proportion of habitat correctly designated continued to increase over time as 
determined by the shape of the learning curve. The trade-off between the benefits of improved 
accuracy and the costs of delays in habitat protection was observed when populations are declining 
(r < 0). The variation in the optimal learning period, resulting from differences in learning rates and 
 values, was high at low rates of population decline and decreased at higher rates of decline (Fig. 
4.7). 
Example 1: Northern abalone 
When poaching mortalities were used directly as a measure of habitat loss, the optimal amount of 
time to spend learning about northern abalone at low poaching levels,  = 0.1, varied from 0 to 
around 6 years, depending on the chosen  value and learning curve (Fig. 4.6a). The range in the 
optimal learning period decreased rapidly to between 0 – 2 years with a moderate rate of poaching, 
 = 0.3, and to between 0 – 1 year at high poaching levels,  = 0.5. When estimates of r were 
derived from poaching mortalities and used to predict population abundance over time, the optimal 
amount of time to spend learning varied between 0 – 10 years with moderate poaching (r = -0.04) 
and between 0 - 2 years at high poaching levels (r = -0.24) (Fig. 4.7a). At low poaching levels (m < 
0.26), the intrinsic rate of increase remained positive, indicating that the population continues to 
increase despite the occurrence of poaching. 
Example 2: Koala 
For koala populations in the Koala coast, the optimal amount of time to spend learning before 
protecting habitat varied from 0 to 60 years at 2010-2011 clearing rate ( = 0.003), and from 0 to 
35 years at 2006-2007 vegetation clearing rate ( = 0.008) (Fig. 4.6b). When the optimal time is 
estimated by using models of population growth, habitats should be protected after 0 – 15 years at  
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r = -0.03 or after 0 – 8 years at r = -0.07, depending on  value and the type of learning curve (Fig. 
4.7b). 
Discussion 
The formal protection of habitat can be a controversial issue due to the potential implications on 
current and future land use, and associated social and economic costs (Naidoo et al. 2006; Bean 
2009; Mascia & Pailler 2011). As a consequence, designating protected areas in many countries is 
typically a lengthy process, involving not just a scientific determination of which sites to protect, 
but also extensive consultations with stakeholders and the general public, social and economic 
impact analyses, and a formal designation process (Mooers et al. 2010; Osmond et al. 2010; 
Greenwald et al. 2012). The amount of effort and financial cost involved in the identification and 
formal protection of habitat provide strong incentives to get it right the first time, particularly when 
the process of designation must be repeated each time protected habitat is revised or updated. At the 
same time, ongoing habitat loss and degradation mean that we can rarely afford to wait for perfect 
information before acting to protect habitats. Determining the optimal timing for habitat protection 
is therefore important in maximising the effectiveness of protection in the long-term. 
Here, we demonstrated the use of mathematical optimisation to inform decisions about the amount 
of time to spend learning before protecting habitat. In the absence of information about the true 
rates of learning about habitats, we used hypothetical learning curves to simulate different rates of 
learning over time, and ROC curves to model the effect of increasing accuracy on the effectiveness 
of habitat protection, in terms of the proportion of habitat area or population that is protected. By 
balancing the proportion protected with the proportion lost over time, we can determine the amount 
of time we can afford to spend learning before the cost of delaying protection begins to outweigh 
the benefits of improved accuracy – that is, when learning no longer results in better protection 
because too much habitat has been lost or the threat within the habitat has left the population 
perilously low. The optimisation model developed here may be particularly useful when little 
information is currently known about species and their habitat use or preferences.    
Rates of learning 
The optimal amount of time to spend learning was sensitive to the shape of the learning curve at 
low rates of habitat loss or population decline. When accuracy initially improves quickly, as in 
hyperbolic learning curves, less time was needed to achieve the maximum proportion of habitat that 
can be correctly designated. In contrast, when learning is initially slow, as in sigmoid learning 
curves, more time was needed, thus resulting in a longer optimal time to spend learning.  
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Given the variation in the optimal time to spend learning for different learning curves, quantifying 
the actual rate in which we learn about habitat can help refine the model and improve our estimate 
of the optimal time to spend learning. For instance, evaluating the improvements in the accuracy of 
species distribution maps as a result of increased survey effort (Stockwell & Peterson 2002; 
Grantham et al. 2009) can help improve our model of initial learning over time. However, it is 
important to note that identifying habitats for the purpose of ensuring the long-term persistence of 
listed species requires more than knowledge of species distributions. Knowledge of life-history and 
population dynamics is also important in determining which sites are essential for long-term species 
persistence (Reed et al. 2006; Rosenfeld & Hatfield 2006). Furthermore, the rate of learning over 
time may differ for different types of information about the species.  
The functional forms used to model the change in accuracy over time all assume that no prior 
knowledge about habitat exist, that is, that a = 1 when t = 0 (Fig. 4.3). These functions can be 
modified, or different ones can be used, to reflect scenarios where some information is available to 
accurately identify habitat with greater than random probability, or when a > 1. Such scenarios will 
likely predict shorter optimal times for learning, as proportion of habitat correctly identified will be 
greater than 50% at t = 0. At high rates of habitat loss, however, the shape of the learning curve no 
longer has a strong influence on the optimal time to spend learning; therefore, having prior 
information about species and their habitat is unlikely to change the predictions significantly. 
The functional forms used in the optimisation also assume that learning can occur – that is, that the 
will and the capacity to conduct additional research exists. When the capacity to conduct research is 
constrained, for instance, due to mandatory timelines or limited research budgets, the amount of 
time to spend on research can be optimised subject to the constraint – the maximum length of time 
that can be spent on research as determined by the specified timelines or the amount of money 
available for research. However, when additional research is not feasible, no improvement in 
accuracy over time can be expected, and therefore, there is no benefit to delaying habitat protection.  
False positive errors 
The proportion of false positive errors accepted also influenced the optimal time to spend on 
learning. When a high  value can be tolerated, for instance, when false positive errors pose no 
additional financial costs or consequences for conservation, habitat protection can occur sooner as 
the level of accuracy desired in this case is lower and can be achieved faster. In contrast, if a low  
value is required, a higher level of accuracy is needed to achieve the same proportion of correctly 
identified habitat (), thus requiring a longer learning period. 
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Despite a number of studies on evaluating the accuracy of predictive maps, and particularly maps 
that predict species occurrences (Allouche et al. 2006), there are no set rules for selecting 
acceptable error thresholds. Instead, decisions are based on the intended purpose of mapping and 
the relative costs of the two types of errors (Fielding & Bell 1997), although it is likely that the 
costs of errors are rarely considered explicitly. The optimisation approach described here makes the 
selection of a false positive error threshold () explicit, which may help encourage greater 
consideration of the costs of errors to justify the selection of a particular threshold value.  
Rates of habitat loss and population decline 
We used estimated rates of habitat loss or other threatening processes for the area or region of 
interest to simulate the impact of these threats over time on the long-term persistence of a given 
species or population. The main assumption is that unprotected habitats are likely to be lost, and 
that loss of habitat will result in a corresponding decrease in the probability of persistence of the 
species. However, the relationship between the amount of habitat available and the long-term 
persistence of species may not be as straightforward – the effect of habitat loss on persistence, for 
instance, may be greater as the amount of habitat remaining to support the species becomes smaller 
(Fahrig 2001). When possible, modelling the impact of habitat loss or other threats on population 
persistence may provide a more accurate estimate of the optimal time to spend on learning that 
maximises the probability of persistence.  
Considering economic costs 
In determining the optimal amount of time to spend learning, we assumed that the main objective is 
to maximise the conservation benefit of habitat protection, and that sufficient resources are 
available to do so. However, the economic costs and benefits of delaying protection in favour of 
additional research may also be important considerations when deciding how much time to spend 
on research before designating protected areas. Spending more time on research will mean higher 
research costs, although the resulting benefit of improved accuracy will help reduce the opportunity 
costs associated with the unnecessary protection of incorrectly identified sites, or false positive 
errors. When cost-effectiveness is the primary objective of the optimisation, it may be desirable to 
consider these economic costs and benefits more explicitly by modelling the increase in research 
costs over time, as well as the decrease in the opportunity costs of false positive errors that 
corresponds with the increase in accuracy over time. Decision-makers can then use these models to 
determine how much time can be spent learning before the cost of conducting research will begin to 
exceed the opportunity costs from incorrect habitat designation. Alternatively, the models can be 
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used to determine the optimal amount of time to spend on research that maximises the economic 
benefit of improved accuracy relative to its costs. 
Conclusion 
The equations presented here focused on predicting the optimal time to spend learning before 
protecting habitat, using habitat loss as the cost of learning. However, the optimisation approach 
described can easily be generalised to address other threatening processes, such as harvest or 
invasive species, provided that the same metric is used for both the costs and the benefits of 
learning. The use of decision theory allows for the explicit consideration of the conservation 
objectives, benefits, and costs when determining how much time to spend on learning before 
designating protected areas, while the use of simple functional forms to model the rates of learning 
and habitat loss makes it possible to do so even when little information is available to develop more 
complex models. When more information about the rates of learning and habitat loss over time 
become available, the models can also be further refined to improve the accuracy of the model 
predictions.    
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Chapter 5 A DECISION FRAMEWORK FOR CRITICAL HABITAT IDENTIFICATION 
 
Abstract 
Identifying the critical habitat of threatened species is essential to ensuring their protection. 
However, the application of existing guidelines and scientific recommendations has been largely 
inconsistent, leading to concerns regarding the accuracy and validity of critical habitat 
identification. We describe the application of a structured decision-making framework to improve 
the consistency as well as the transparency of critical habitat identification. When used in this 
context, a structured decision framework can help improve consistency through the systematic 
consideration of the conservation objectives for the species, the consequences of different ways of 
identifying critical habitat, in terms of the potential errors that can occur, and the trade-offs between 
increasing accuracy and minimising delays in selecting an approach to critical habitat identification. 
Documenting the structured decision-making process will also help improve the transparency of the 
process, thus allowing for better evaluations of its validity. 
Keywords 
decision analysis, threatened species, habitat protection, trade-offs, decision trees, species 
persistence, habitat quality, movement patterns 
Introduction 
It is widely recognised that protecting the habitats of species, defined as “the resources and 
conditions present in an area that produce occupancy – including survival and reproduction – by a 
given organism” (Hall et al. 1997), is an important component of biodiversity conservation. 
However, inadequate conservation resources (Balmford et al. 2000) and potential conflict with 
human use of both terrestrial and marine environments (Czech et al. 2000) mean that it is not 
possible to protect all habitats everywhere. Many recent habitat conservation efforts have therefore 
focused on identifying priority areas for protection (Halpern et al. 2006), often within the broader 
framework of systematic conservation planning (Kukkala & Moilanen 2013). However, while much 
attention has been focused on identifying representative sites that capture the full range of 
biodiversity in any region of interest (Austin & Margules 1986), the global protected area network 
remains largely inadequate in supporting the continued persistence of most individual species 
(Venter et al. 2014).  
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To make certain that sufficient habitat is available to ensure the persistence of individual species, a 
species-specific approach to habitat conservation is also needed (Schwartz 1999; Noon et al. 2003; 
Watson et al. 2011). The concept of critical habitat, defined as the areas that are essential or 
necessary for long-term population persistence (Murphy & Noon 1991; Hall et al. 1997), can be 
used to identify conservation priorities that explicitly consider the habitat requirements of individual 
species. Once identified, critical habitat can then be protected, managed, or restored to ensure that it 
remains of sufficient quality to support the species over the long term.  
In a number of countries, such as the United States and Canada, critical habitat for listed threatened 
or endangered species may be designated and legally protected through the restriction or prohibition 
of activities that may result in destruction or adverse modification of the habitat (Endangered 
Species Act of 1973, 16 U.S.C. §§ 1531-1544; Species at Risk Act S.C. 2002, c. 29). More 
commonly, habitats are formally protected through designation as parks, reserves, or other types of 
protected areas. The reasons for designating protected areas vary, ranging from the protection of 
unique landscapes or geological features or the preservation of sites with historical or cultural 
significance, to the maintenance of biodiversity and ecological processes (McNeely 1994). When 
objective is biodiversity conservation, and particularly the long-term persistence of one or more 
species, critical habitat identification can help ensure that the set of habitat areas needed for the 
species to persist is included in the protected area network (Beazley et al. 2005; Beier et al. 2011).  
Even when full legal protection is not feasible, critical habitat identification can help inform other 
tools or mechanisms for habitat protection. For instance, information about critical habitat of 
threatened species can be used to inform local and regional planning processes (Brody 2003; 
Theobald et al. 2005) by identifying areas that should be set aside for conservation, and those that 
can be developed without significant impact on species persistence. Knowledge of critical habitat 
can also facilitate environmental impact assessments (Treweek 1999) through the identification of 
critical habitat sites where the impact of proposed projects is likely to result in significant harm to 
the species and its long-term persistence. Having this information readily available can reduce the 
need for site surveys to assess potential impact, and thus minimise the costs of impact assessments. 
Critical habitat information can also be used in the initial project planning stages to pre-emptively 
avoid or minimise impacts to critical habitat, thus saving time and money. In addition, identifying 
critical habitat can help determine which sites should be prioritised for private land conservation 
initiatives (Parkhurst et al. 2002) or habitat restoration (Palmer et al. 1997) due to their critical role 
in species conservation, and which areas may be considered suitable for biodiversity offsets 
(Bekessy et al. 2010; Kiesecker et al. 2010).  
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At its core, the concept of critical habitat assumes that some sites in a species’ habitat are more 
important to long-term persistence than other sites (Rosenfeld & Hatfield 2006), and that protecting 
this subset of habitat, the critical habitat, from destruction or degradation will be sufficient to make 
species extinction acceptably improbable. However, for many rare and threatened species, available 
data are typically insufficient to accurately evaluate the importance of individual sites to species 
persistence. As a result, critical habitat has often been identified based on more subjective 
judgements of the relative importance of habitat, using criteria reliant on data that are more easily 
obtained (Camaclang et al. 2015; Chapter 2). For instance, guidelines for identifying critical habitat 
under the United States Endangered Species Act merely provide a list of potential habitat 
requirements to consider, such as space, shelter, food, sites for reproduction, or refuge areas 
(USFWS 2014). Unfortunately, the application of these alternative criteria thus far has been 
inconsistent (Hodges & Elder 2008), and may lead to concerns regarding the accuracy of critical 
habitat identification. Lack of sufficient documentation to explain how and why specific criteria 
were applied have also made it difficult to assess the validity of critical habitat identification 
(Hodges & Elder 2008). 
Structured decision-making for critical habitat identification 
The use of formal decision analysis can help improve the consistency of critical habitat 
identification (Hagen & Hodges 2006). Decision analysis may be thought of as a set of principles 
and procedures that can be used to systematically analyse complex decision problems to arrive at a 
solution (Keeney 1982). Decision analysis specifies the need for an explicit definition of the 
decision problem, in terms of both the specific objective and the proposed alternative responses, and 
the formal evaluation of the alternatives in light of the consequences and their likelihoods, the 
underlying uncertainties, and the preferences of the decision-maker for particular outcomes (Keeney 
1982). In this way, the use of decision analysis can also improve the transparency of the decision-
making process, which is particularly important when the decision is controversial and likely to be 
questioned. 
A useful framework for decision analysis is structured decision-making, which breaks down the 
decision-making process into 6 iterative steps (Fig. 5.1): 1) defining the scope and context of the 
problem, 2) specifying the goals and objectives, 3) identifying the alternatives, 4) considering the 
uncertainties and consequences of each alternative, 5) evaluating the trade-offs and preferences and 
selecting an alternative, and 6) implementing the selected alternative and monitoring the 
consequences (Gregory et al. 2012a). Here, we describe how this structured decision-making 
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framework can be used to systematically consider and select from among the various alternative 
approaches to determining which sites are critical for individual threatened species. Our aim is to 
demonstrate how the use of a formal decision framework can help provide a systematic approach to 
identifying, evaluating, and selecting different approaches to critical habitat identification. Once 
critical habitat has been identified, the information can then be used to inform various habitat 
protection policies such as the legal designation of critical habitat or of parks and other protected 
areas, land- or marine-use planning processes, or environmental impact assessment and mitigation. 
Step 1 Defining the scope and context 
Defining the scope and context of the decision problem is important in identifying the appropriate 
objective and evaluating the likely consequences of a particular alternative (Fig. 5.1). Here, we 
define the decision problem as the scientific identification of critical habitat for an individual 
species based on the biological needs of that species. In this problem definition, we do not consider 
social and economic factors in the selection of critical habitat (Mooers et al. 2010; USFWS 2014).  
The intended purpose of critical habitat identification may also influence the objectives and the 
potential consequences of the alternatives. Failing to identify enough habitat to support the needs of 
the species will be a more serious error if the purpose is to ensure that these sites are fully protected 
from destruction or habitat degradation, for instance through designation as a protected area, than if 
the purpose is to simply prioritise voluntary habitat management or restoration efforts. In the case of 
identifying sites for restoration, a return on investment approach that takes into account the increase 
in population viability per unit effort is a more appropriate approach – critical habitat is very much 
about the prevention of habitat damage or destruction, rather than a cure (Possingham et al. 2015).  
Finally, it is important to clarify the geographic scope of critical habitat identification in relation to 
the total range or abundance of the species, as this will inform the recovery objective and, 
consequently, the outcome of critical habitat identification. If a particular segment of the population 
– for example, one that is physically or genetically isolated from the rest of the species – is the unit 
of interest, the conservation objective, and therefore critical habitat identification, for that unit may 
be different from the species as a whole (Green 2005). Similarly, if the identification of critical 
habitat is restricted to a small proportion of the species’ range, for instance, limited to a specific 
legal jurisdiction or region, then a conservation objective of long-term species persistence may not 
be a feasible objective.  
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Figure 5.1 A structured decision-making framework for the identification of critical habitat. The six 
steps of stuctured decision-making shown here are based on Gregory et al. (2012a). 
  
Scope and 
context
•What are the different factors that must be considered (e.g., conservation needs, 
economic costs, etc.)?
•What is the purpose of identifying critical habitat? 
•For what proportion of the population or range will critical habitat be identified? 
Objectives and 
criteria
•What is the goal of critical habitat identification? 
•What species-specific targets must be met to achieve the goal?
Alternatives
•What are the different approaches to identifying critical habitat?
Consequences
•What are the potential consequences of each approach to critical habitat 
identification?
•What is the likelihood that these consequences will occur?
Trade-offs and 
preferences
•What are the trade-offs between different approaches to identifying critical habitat?
•Which consequences are more acceptable to decision-makers?
•Which approach should be used to identify critical habitat?
Implementation 
and monitoring
•What monitoring strategies should be put in place to evaluate and improve the 
accuracy of critical habitat identification?  
•How can new information be used to revise or update critical habitat designation?
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Step 2 Specifying the goals and objectives 
The overall goal of critical habitat identification is to determine the subset of habitat that, when 
effectively managed or protected, will enable the persistence of the species (Rosenfeld & Hatfield 
2006; Robbins 2010). The amount and location of critical habitat will therefore depend on how 
persistence is defined – specifically, the acceptable level of extinction risk and the length of time 
considered to be sufficient (Shaffer 1981; Akçakaya & Sjögren-Gulve 2000). For this reason, 
precisely defining the conservation objective is important in ensuring that critical habitat is 
correctly identified for each species.  
Specific and measurable objectives serve as the criteria for evaluating whether a particular set of 
habitat is critical for achieving the overall goal of species persistence (Environment Canada et al. 
2004). Setting conservation objectives for the recovery of threatened species is typically performed 
within the context of recovery planning (Tear et al. 1993; Ortega-Argueta et al. 2011; Théberge & 
Nocera 2014) – a process that brings together information on a species’ biology, threats and actions 
that could abate those threats, and trends in population size and distribution, to determine recovery 
feasibility, objectives and specific targets, and the conservation strategies that will help achieve 
those targets (Schwartz 2008; Mooers et al. 2010; Ortega-Argueta et al. 2011). Ideally, these 
conservation objectives will take the form of quantitative targets (Tear et al. 1995; Théberge & 
Nocera 2014) – for instance, a minimum population size or density, minimum number of 
populations, or maximum distance between populations – that will result in long-term persistence of 
the species. In some cases, however, long-term persistence may not be a feasible objective, and 
lower targets may be set to reflect more realistic goals such as preventing further declines or 
achieving limited increases in population sizes or distributions.  When species-specific conservation 
objectives are not yet available, for instance when critical habitat identification occurs prior to 
recovery planning, listing criteria or other generic targets such as minimum viable population sizes 
may be used as interim conservation objectives for the purpose of identifying critical habitat 
(Rosenfeld & Hatfield 2006).  
Step 3 Identifying the alternatives  
Identifying critical habitat for threatened species requires information about 1) habitat quality and 
its influence on the abundance and distribution of populations (Van Horne 1983; Johnson 2007), 2) 
the functional connectivity of habitat patches and its role in species persistence (Calabrese & Fagan 
2004; Kindlmann & Burel 2008), and 3) the quantity of habitat needed to achieve the recovery 
objectives (Rosenfeld & Hatfield 2006; Pe’er et al. 2014)(Fig. 5.2). By integrating these three 
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components, for example, through a spatially explicit population model (Dunning et al. 1995; 
Akçakaya 2001), the potential contribution of each site to achieving the desired population size or 
probability of persistence can be systematically evaluated and compared, thus allowing for the 
identification of the combination of sites that, when protected, will enable species viability (Reed et 
al. 2006; Rosenfeld & Hatfield 2006). 
For many species, however, there are insufficient data available to directly measure the quality, 
connectivity, and quantity of habitat and predict their influence on the abundance and persistence of 
species. Instead, surrogate measures are typically used to assess the quality and connectivity of 
existing habitat (Calabrese & Fagan 2004; Johnson 2007), and to predict the amount needed to 
achieve long-term species persistence (Pe’er et al. 2014) (Table 5.1). For instance, the frequency of 
species sightings at a particular site and population density have both been used as measures of 
habitat quality (Camaclang et al. 2015; Chapter 2), with the assumption that the presence of the 
species at a site is an indicator of its suitability (Hall et al. 1997), and/or that higher densities 
indicate higher habitat quality (Van Horne 1983; Johnson 2007). Similarly, dispersal distances have 
been compared with the distances between different sites to assess functional habitat connectivity 
and determine the maximum distance between sites that will permit movement of individuals 
(Calabrese & Fagan 2004). Finally, estimates of home range sizes have been used to determine the 
quantity of habitat area that might be required by each individual, and therefore the total amount 
that should be protected to achieve persistence or other recovery objectives (Rosenfeld & Hatfield 
2006; Pe’er et al. 2014). The use of different measures will result in different sets of sites identified 
as critical habitat; therefore, deciding which measure, or combination of measures, should be used 
is central to critical habitat identification. 
Step 4 Determining the consequences and uncertainties  
Regardless of how critical habitat is identified, the result is unlikely to be perfectly accurate. Both 
false positive errors – the incorrect classification of non-critical habitat as critical – and false 
negative errors – the failure to identify areas that are truly critical – will occur as a result of model 
and parameter uncertainty and the use of surrogate measures and criteria (Chapter 3). The 
consequences of these errors may depend, in part, on the purpose of critical habitat identification. 
When critical habitats are identified for the purpose of preventing further loss or degradation, false 
negative errors may result in the loss of unidentified critical habitat, leading to further population 
declines and eventual species extinction (Chapter 3). In contrast, if critical habitat maps are used 
primarily to prioritise habitat management and restoration activities, then false positive errors may 
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result in inefficient allocation of limited conservation resources towards non-critical habitat, 
potentially to the detriment of true critical habitat (Chapter 3). In both scenarios, the errors can 
result in the failure to meet the conservation objectives. 
 
 
Figure 5.2 Types of criteria that may be used to identify critical habitat for threatened species, and 
the information required to evaluate candidate sets of habitat areas against each criterion. Ideally, 
the identification of habitat that is critical for species persistence requires knowing the quality, 
quantity, and connectivity of habitat patches that will support the target population size or density. 
However, due to inadequate information, critical habitat identification is often based on a single 
criterion, such as observed occupancy or predicted habitat suitability. 
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Table 5.1 Examples of surrogate measures of habitat quality, quantity, and connectivity used to 
identify critical habitat for threatened species 
 Surrogates Application to critical habitat 
Quality Species occurrence Sites where individuals of the species are 
or have been observed to occur 
 Habitat suitability Sites currently or may be potentially 
occupied by individuals of the species 
 Consistent use Sites constantly or frequently 
used/occupied 
 Amount or quality of resources Larger sites that provide more or better 
quality resources (e.g., food, shelter, etc.) 
 Habitat condition Less disturbed or degraded sites 
 Population abundance or density Sites occupied by populations with more 
individuals or higher densities 
 Population growth rate Sites occupied by stable or increasing 
populations (source populations) 
Connectivity Dispersal distances Set of sites separated by distances less 
than the species’ dispersal distances 
 Geographic isolation Occupied sites that are physically 
separated from other occupied sites 
 Dispersal success Sites with higher immigration rates; or, 
the spatial configuration of sites that 
minimise dispersal mortality 
Quantity Home range sizes Sufficient area to encompass individual 
home ranges or territories for the desired 
population size 
 Individual area requirements Sufficient area to support the desired 
population size 
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The extent of false positive and false negative errors in critical habitat identification will depend on 
the way critical habitat is identified, as well as on the specific recovery objectives, the 
characteristics of the species, and the current availability of habitat in relation to the recovery 
objective. For instance, it may be possible that identifying critical habitat primarily on the basis of 
known occurrences of the species will be sufficient if the recovery objective is simply to protect 
existing populations and prevent further declines, and if the amount of habitat currently occupied is 
sufficient to maintain existing populations (Fig. 5.3). However, if the objective is to recover the 
species by increasing total abundance or the number of populations, then additional sites that are not 
currently occupied, but that are or may become suitable in the future, will also be need to be 
protected (Fig. 5.3). In this scenario, identifying only those sites that are currently used as critical 
habitat may therefore result in false negative errors. Similarly, identifying critical habitat based on 
species occurrence, habitat suitability, or other measures of relative habitat quality alone may be 
sufficient for sessile or sedentary species that exist as a single, continuous population. Inadequate 
consideration of spatial and temporal habitat connectivity may result in false negative errors for 
spatially structured or nomadic and migratory species (Runge et al. 2014; Maron et al. 2015). 
Uncertainties in the data and models used to identify critical habitat will also influence the 
likelihood of errors and their consequences. For example, the detectability of the species will 
influence the probability that a site is correctly classified as occupied or not (MacKenzie et al. 
2002), while uncertainties surrounding estimates of dispersal distances or rates for long-distance 
dispersers (Wang & Smith 2002; Trakhtenbrot et al. 2005) may affect the assessment of functional 
habitat connectivity. In turn, uncertainties in habitat occupancy or connectivity can affect the 
location, size, and number of sites that are considered critical to achieving the conservation 
objectives for the species. Understanding and, when possible, quantifying the uncertainties in each 
alternative approach to critical habitat identification allows for a comparison of the relative 
likelihood of errors, which is crucial to the selection of the best alternative.  
Step 5 Evaluating the trade-offs and preferences, and selecting an option 
The accuracy of critical habitat identification increases with increasing rigour of the models used to 
assess the quality, connectivity, and quantity of habitat, and the integration of these three 
components to evaluate the contribution of each site to achieving the specified conservation 
objective (Calabrese & Fagan 2004; Reed et al. 2006)(Fig. 5.2). However, obtaining the required 
information to develop better models requires time and resources. Thus, there is a trade-off between 
minimising the amount of time spent on research and data collection, and maximising the accuracy 
85 
 
of critical habitat identification (Chapter 4). Identifying critical habitat with inadequate data will 
result in both false positive and false negative errors (Chapter 3); on the other hand, waiting to 
identify critical habitat until better information becomes available, so that the frequency of such 
errors can be reduced, may result in the loss of unidentified critical habitat. Deciding which type of 
consequence is more acceptable, and consequently, how much time can be spent on research, is 
therefore an important consideration in critical habitat identification. Alternatively, the optimal 
amount of time to spend on research can be estimated by evaluating the trade-off between the gain 
resulting from increased accuracy and the potential habitat loss or population decline that may occur 
while waiting to identify critical habitat (Chapter 4; Appendix 1). 
Decision trees can be developed and used to provide general guidance on the amount and types of 
habitat that are likely to be critical to achieving the conservation objectives, based on what is known 
about the species, its population status, and its movement and habitat use patterns. For instance, 
while the amount of habitat required will depend primarily on the size of the population needed to 
achieve the conservation objective, and the amount of habitat needed to support this population over 
the long term (Pe’er et al. 2014), the proportion of this total habitat likely to be currently occupied 
will depend on whether existing populations are sufficient to achieve the target population size, and 
whether currently occupied sites will be able to support existing populations (Fig. 5.3). If currently 
occupied sites are insufficient to support the target population size, then critical habitat will likely 
consist of both occupied and unoccupied habitat to support the increases in population size or the 
establishment of new subpopulations needed to achieve the specified target (Dunning et al. 1992; 
Hagen & Hodges 2006). Furthermore, if all available habitat, both occupied and unoccupied, is still 
insufficient for the species to reach the desired target, then all existing habitat, as well as additional 
areas that may be suitable in the future or that can be restored, should be identified as critical habitat 
(Chapter 3) (Fig. 5.3). In contrast, if more habitat is available than needed, a subset of habitat with 
relatively higher quality or importance may be sufficient (Rosenfeld & Hatfield 2006).  
Evaluating the relative quality or importance of habitat sites will depend on species-specific habitat 
requirements. As a starting point, however, the pattern of species observations can be used to 
identify a preliminary list of sites that are likely to be of higher quality or importance. Species 
occurrences are often considered to be a useful indicator of habitat use, and therefore of habitat 
suitability (Hall et al. 1997), although it must be noted that there are some exceptions to this general 
rule, such as attractive sinks (Delibes et al. 2001) or lags in species responses to changing 
environmental conditions (Kuussaari et al. 2009). Similarly, population abundance or density at a 
given site may also be indicative of the presence of abundant resources that can support a large 
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population. Sites where a species has been observed to occur more consistently or frequently, or 
where a larger proportion of the population occurs, are therefore likely to be more important or of 
higher quality than other sites (Fig 5.4). 
For sessile species, continued presence or occupancy of the species at a given site may be a 
sufficient indicator of habitat suitability, and occupied sites that are relatively undisturbed or less 
degraded are more likely to be of higher quality (Fig. 5.4). For instance, many threatened plant 
communities, such as the southern California coastal sage scrub (Talluto & Suding 2008) or the 
Garry oak ecosystem in Canada (MacDougall et al. 2004), are at risk of extinction due to habitat 
loss or other changes in environmental conditions that have severely limited the availability of 
suitable habitat; sites where these plant communities continue to occur are those that still exhibit 
some or all of the environmental conditions required by species to survive, and are therefore critical 
to preventing extinction. Similarly, for mobile but relatively sedentary species, the consistent 
presence of species at a site may be used as a surrogate for habitat suitability, particularly for 
narrowly distributed habitat specialists, such as the Banff springs snail (Physella johnsoni) (Lepitzki 
& Pacas 2010). For territorial species, territory occupancy may be an important indicator of relative 
quality (Fig. 5.4), with more stable or consistently occupied territories being likely to provide more 
abundant or higher quality resources, and are therefore potentially more important for conservation. 
For non-territorial species, however, the number of individuals or the proportion of the population 
observed at a site may be a more useful indicator of relative quality (Fig. 5.4).  
Seasonal or periodic changes in habitat use of migratory species can make the identification of high 
quality or important habitat sites more difficult, as these sites may occur over larger spatial scales, 
and use of these sites will vary over time. Important habitats used in different seasons or by 
different life stages, as well as those used by the species while in transit, must be identified to 
ensure that all are protected from the threat of habitat loss or degradation (Runge et al. 2014). For 
species that exhibit site fidelity, for instance, turtle species that return to the same nesting beaches, 
or migratory song birds that return to the same breeding territories each year, observed presences at 
a particular site may be a reliable indicator of importance (Fig. 5.4), as damage to or destruction of 
the site will likely result in low birth rates or survival rates for the segment of the population that 
use the site. In the absence of strong site fidelity as a cue, the proportion of the population or the 
frequency of occurrence at a site may be a useful alternative for evaluating the relative abundance 
of its resources or the suitability of its environmental conditions (Fig. 5.4).
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Figure 5.3 Decision tree to estimate the amount of habitat that may be required to achieve the stated recovery objectives, based on the current 
status of the population, habitat availability, and metapopulation structure 
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Figure 5.4 Decision tree to guide the identification of sites that may be of higher quality or greater conservation importance, based on the 
movement and habitat use patterns of the species
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In contrast to migratory species, the habitat use patterns of nomadic species, such as the red 
crossbill (Loxia curvirostra) (Cornelius & Hahn 2012) or the Florida snail kite (Rostrhamus 
sociabilis) (Bennetts & Kitchens 2000), tend to be more variable among individuals and between 
years, as movements of nomadic species are likely a response to less predictable spatial and 
temporal variation in resource availability (Mueller & Fagan 2008). For this reason, it may be 
difficult to assess the relative quality of a site based on simple presence or absence of a nomadic 
species, particularly if the observation of a species’ absence coincides with low resource availability 
at the site. Without detailed knowledge of the resources used by the species and the availability of 
these resources over time and space, information on the frequency of species occurrence over time 
at a given site or estimates of the number or density of individuals observed when the species is 
present may be useful indicators of habitat suitability or relative quality (Fig. 5.4). More frequent 
observations of the species may indicate the presence of a more reliable resource, while population 
abundance at a site likely reflects the quality or abundance of the particular resource. 
Regardless of how the amount or quality of habitat is evaluated, however, the connectivity among 
sites should be considered. Habitat connectivity can be maintained by ensuring that the distances 
between protected high-quality or suitable sites are within the dispersal distance of the species, or 
by providing protection for areas that serve as dispersal corridors or stepping stones (Beier & Noss 
1998; Saura et al. 2014). Alternatively, widely separated populations can be protected instead to 
reduce the risk of global extinction from environmental correlation and population synchrony 
(Palmqvist & Lundberg 1998). 
Step 6 Identifying critical habitat and conducting further studies 
The desired outcome of critical habitat identification is typically a formal description of the 
important features of these sites, which may or may not include information about their location 
(Environment Canada et al. 2004; USFWS 2014). However, in presenting information about critical 
habitat, it is important to include not just where they occur or what they look like, but also how they 
were selected. In other words, the identification of critical habitat should be rationalised against the 
species-specific conservation objectives (Environment Canada et al. 2004; Rosenfeld & Hatfield 
2006). The importance of explicitly relating the location, size, and number of sites identified as 
critical habitat with the conservation objectives for the species is recognized by both United States 
and Canadian government agencies, and is evident in most recent Canadian species recovery 
strategies and in United States critical habitat rules for species with identified recovery criteria. 
Documenting the decision process, from the context and scope of the problem, to the identification 
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of objectives and the evaluation and selection of an approach to critical habitat identification, can 
help explain how and why a particular combination of sites has been selected for identification as 
critical habitat. In doing so, the selection and application of the criteria used to identify critical 
habitat are made explicit, thus improving the transparency of the process and allowing for the 
evaluation of its validity.  
Whenever possible, a strategy for improving the accuracy of critical habitat identification should 
also be provided. This includes plans for future research and monitoring that will improve 
knowledge and reduce uncertainties about the species’ habitat requirements and population trends, 
as well as a strategy for revising critical habitat identification to reflect the new information. 
Depending on the type or amount of new information gained, revising critical habitat identification 
may require repeatedly cycling through some or all of the steps of the structured decision-making 
process.   
Application to other critical habitat decisions 
In this paper, we limited the scope of the decision problem to the science-based identification of 
critical habitat, which considers only how the conservation objectives for a given species can be met 
by protecting or managing different combinations of habitat areas. However, other decision 
problems linked to critical habitat identification may also benefit from the application of a 
structured decision-making framework. For instance, in the absence of a spatially-explicit 
population model to estimate the probability of persistence of a species under different management 
scenarios, a structured decision-making process can help select among a range of alternative 
population size and distribution targets that have different consequences for species persistence 
(Gregory et al. 2012b). The use of a structured decision-making framework can also help improve 
the transparency of other potentially controversial critical habitat decisions, such as assessing the 
benefits or feasibility of critical habitat identification for a particular species, identifying species 
priorities for critical habitat identification, or determining which sites should be legally designated 
and protected.  
Summary and conclusion 
Even in the absence of social and economic considerations, the identification of critical habitat for 
individual species depends on a variety of factors, including the scope and context of critical habitat 
identification, specific recovery objectives, movement and habitat use patterns for the species, an 
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understanding of habitat quality, current habitat availability, potential data or model uncertainties, 
and the preferences for particular outcomes or trade-offs. A structured decision-making process 
allows for the explicit and systematic consideration of these multiple factors, and provides a 
framework for documenting each step and presenting the information to the public. Using a 
structured approach can help improve the transparency of the decision-making process, which in 
turn allows for the evaluation of the validity of critical habitat identification or promote confidence 
in its accuracy. The use of a structured decision-making framework may be particularly beneficial 
for decisions that are likely to be controversial, such as evaluating the costs and benefits of 
identifying and protecting critical habitat in places that are also very valuable to people. 
Acknowledgments 
We wish to thank D. Krofta, S. Stone, M. Nammack, and many other biologists from the US Fish 
and Wildlife Service and the US National Marine Fisheries Service, as well as P. Johanson and G. 
Wilson from the Canadian Wildlife Service, for sharing their time and expertise on the critical 
habitat identification process in the United States and Canada. We also thank all the participants of 
a workshop in Canberra, Australia on prioritising conservation investment for threatened species 
conservation, and particularly J. Bennett, S. Bekessy, P. Latch, J. Brazill-Boast, M. Taylor, J. 
O’Connor, A. Tulloch, and E. Alacs, for thoughtful discussions that inspired this paper. AEC was 
funded by a Natural Sciences and Engineering Research Council of Canada Post Graduate 
Scholarship and a University of Queensland International Scholarship, and HPP was funded by an 
Australian Research Council Laureate Fellowship. Additional funding support for this work was 
also provided by the Australian National Environment Research Program Environmental Decisions 
Hub and the Australian Research Council Centre of Excellence in Environmental Decisions. 
Literature Cited 
Akçakaya, H. R. 2001. Linking population-level risk assessment with landscape and habitat models. 
Science of The Total Environment 274:283-291. 
Akçakaya, H. R., and P. Sjögren-Gulve. 2000. Population viability analyses in conservation 
planning: An overview. Ecological Bulletins 48:9-21. 
Austin, M., and C. Margules. 1986. Assessing representativeness. Pages 45-67 in M. Usher, editor. 
Wildlife Conservation Evaluation. Springer Netherlands. 
Balmford, A., K. J. Gaston, A. S. L. Rodrigues, and A. James. 2000. Integrating costs of 
conservation into international priority setting. Conservation Biology 14:597-605. 
92 
 
Beazley, K., L. Smandych, T. Snaith, F. MacKinnon, P. Austen-Smith, and P. Duinker. 2005. 
Biodiversity considerations in conservation system planning: Map-based approach for Nova 
Scotia, Canada. Ecological Applications 15:2192-2208. 
Beier, P., and R. F. Noss. 1998. Do habitat corridors provide connectivity? Conservation Biology 
12:1241-1252. 
Beier, P., W. Spencer, R. F. Baldwin, and B. H. McRae. 2011. Toward best practices for developing 
regional connectivity maps. Conservation Biology 25:879-892. 
Bekessy, S. A., B. A. Wintle, D. B. Lindenmayer, M. A. McCarthy, M. Colyvan, M. A. Burgman, 
and H. P. Possingham. 2010. The biodiversity bank cannot be a lending bank. Conservation 
Letters 3:151-158. 
Bennetts, R. E., and W. M. Kitchens. 2000. Factors influencing movement probabilities of a 
nomadic food specialist: proximate foraging benefits or ultimate gains from exploration? 
Oikos 91:459-467. 
Brody, S. 2003. Implementing the principles of ecosystem management through local land use 
planning. Population and Environment 24:511-540. 
Calabrese, J. M., and W. F. Fagan. 2004. A comparison-shopper's guide to connectivity metrics. 
Frontiers in Ecology and the Environment 2:529-536. 
Camaclang, A. E., M. Maron, T. G. Martin, and H. P. Possingham. 2015. Current practices in the 
identification of critical habitat for threatened species Conservation Biology 29:482-492. 
Cornelius, J. M., and T. P. Hahn. 2012. Seasonal pre-migratory fattening and increased activity in a 
nomadic and irruptive migrant, the red crossbill Loxia curvirostra. Ibis 154:693-702. 
Czech, B., P. R. Krausman, and P. K. Devers. 2000. Economic associations among causes of 
species endangerment in the United States. BioScience 50:593-601. 
Delibes, M., P. Ferreras, and P. Gaona. 2001. Attractive sinks, or how individual behavioural 
decisions determine source–sink dynamics. Ecology Letters 4:401-403. 
Dunning, J. B., B. J. Danielson, and H. R. Pulliam. 1992. Ecological processes that affect 
populations in complex landscapes. Oikos 65:169-175. 
Dunning, J. B., Jr., D. J. Stewart, B. J. Danielson, B. R. Noon, T. L. Root, H. L. Roland, and E. E. 
Stevens. 1995. Spatially explicit population models: Current forms and future uses. 
Ecological Applications 5:3-11. 
Environment Canada, Fisheries and Oceans Canada, and Parks Canada Agency. 2004. Species at 
Risk Act: Program guidance. A guide to the critical habitat provisions of the Species at Risk 
Act. Government of Canada, Ottawa. 
93 
 
Green, D. M. 2005. Designatable units for status assessment of endangered species. Conservation 
Biology 19:1813-1820. 
Gregory, R., L. Failing, M. Harstone, G. Long, T. McDaniels, and D. Ohlson 2012a. Structured 
decision making: a practical guide to environmental management choices. Wiley-Blackwell, 
Hoboken, N.J. 
Gregory, R., G. Long, M. Colligan, J. G. Geiger, and M. Laser. 2012b. When experts disagree (and 
better science won’t help much): Using structured deliberations to support endangered 
species recovery planning. Journal of Environmental Management 105:30-43. 
Hagen, A. N., and K. E. Hodges. 2006. Resolving critical habitat designation failures: Reconciling 
law, policy, and biology. Conservation Biology 20:399-407. 
Hall, L. S., P. R. Krausman, and M. L. Morrison. 1997. The habitat concept and a plea for standard 
terminology. Wildlife Society Bulletin 25:173-182. 
Halpern, B. S., C. R. Pyke, H. E. Fox, J. Chris Haney, M. A. Schlaepfer, and P. Zaradic. 2006. Gaps 
and mismatches between global conservation priorities and spending. Conservation Biology 
20:56-64. 
Hodges, K. E., and J. Elder. 2008. Critical habitat designation under the US Endangered Species 
Act: How are biological criteria used? Biological Conservation 141:2662-2668. 
Johnson, M. D. 2007. Measuring habitat quality: A review. Condor 109:489-504. 
Keeney, R. L. 1982. Decision analysis: an overview. Operations Research 30:803-838. 
Kiesecker, J. M., H. Copeland, A. Pocewicz, and B. McKenney. 2010. Development by design: 
blending landscape-level planning with the mitigation hierarchy. Frontiers in Ecology and 
the Environment 8:261-266. 
Kindlmann, P., and F. Burel. 2008. Connectivity measures: a review. Landscape Ecology 23:879-
890. 
Kukkala, A. S., and A. Moilanen. 2013. Core concepts of spatial prioritisation in systematic 
conservation planning. Biological Reviews 88:443-464. 
Kuussaari, M., R. Bommarco, R. K. Heikkinen, A. Helm, J. Krauss, R. Lindborg, E. Öckinger, M. 
Pärtel, J. Pino, F. Rodà, C. Stefanescu, T. Teder, M. Zobel, and I. Steffan-Dewenter. 2009. 
Extinction debt: a challenge for biodiversity conservation. Trends in Ecology & Evolution 
24:564-571. 
Lepitzki, D. A. W., and C. Pacas. 2010. Recovery strategy and action plan for the Banff Springs 
Snail (Physella johnsoni), in Canada. Species at Risk Act Recovery Strategy Series. Parks 
Canada Agency, Ottawa. 
94 
 
MacDougall, A. S., B. R. Beckwith, and C. Y. Maslovat. 2004. Defining conservation strategies 
with historical perspectives: A case study from a degraded oak grassland ecosystem. 
Conservation Biology 18:455-465. 
MacKenzie, D. I., J. D. Nichols, G. B. Lachman, S. Droege, J. Andrew Royle, and C. A. Langtimm. 
2002. Estimating site occupancy rates when detection probabilities are less than one. 
Ecology 83:2248-2255. 
Maron, M., C. A. McAlpine, J. E. M. Watson, S. Maxwell, and P. Barnard. 2015. Climate-induced 
resource bottlenecks exacerbate species vulnerability: a review. Diversity and Distributions 
21:731-743. 
McNeely, J. A. 1994. Protected areas for the 21st century: working to provide benefits to society. 
Biodiversity & Conservation 3:390-405. 
Mooers, A. O., D. F. Doak, C. S. Findlay, D. M. Green, C. Grouios, L. L. Manne, A. Rashvand, M. 
A. Rudd, and J. Whitton. 2010. Science, policy, and species at risk in Canada. BioScience 
60:843-849. 
Mueller, T., and W. F. Fagan. 2008. Search and navigation in dynamic environments – from 
individual behaviors to population distributions. Oikos 117:654-664. 
Murphy, D. D., and B. D. Noon. 1991. Coping with uncertainty in wildlife biology. Journal of 
Wildlife Management 55:773-782. 
Noon, B. R., D. D. Murphy, S. R. Beissinger, M. L. Shaffer, and D. Dellasala. 2003. Conservation 
planning for US National Forests: Conducting comprehensive biodiversity assessments. 
BioScience 53:1217-1220. 
Ortega-Argueta, A., G. Baxter, and M. Hockings. 2011. Compliance of Australian threatened 
species recovery plans with legislative requirements. Journal of Environmental Management 
92:2054-2060. 
Palmer, M. A., R. F. Ambrose, and N. L. Poff. 1997. Ecological theory and community restoration 
ecology. Restoration ecology 5:291-300. 
Palmqvist, E., and P. Lundberg. 1998. Population extinctions in correlated environments. Oikos 
83:359-367. 
Parkhurst, G. M., J. F. Shogren, C. Bastian, P. Kivi, J. Donner, and R. B. W. Smith. 2002. 
Agglomeration bonus: an incentive mechanism to reunite fragmented habitat for biodiversity 
conservation. Ecological Economics 41:305-328. 
95 
 
Pe’er, G., M. A. Tsianou, K. W. Franz, Y. G. Matsinos, A. D. Mazaris, D. Storch, L. Kopsova, J. 
Verboom, M. Baguette, V. M. Stevens, and K. Henle. 2014. Toward better application of 
minimum area requirements in conservation planning. Biological Conservation 170:92-102. 
Possingham, H. P., M. Bode, and C. J. Klein. 2015. Optimal conservation outcomes require both 
restoration and protection. PLoS Biol 13:e1002052. 
Reed, J. M., H. R. Akçakaya, M. Burgman, D. Bender, S. R. Beissinger, and J. M. Scott. 2006. 
Critical habitat. Pages 164-177 in J. M. Scott, D. D. Goble, and F. W. Davis, editors. The 
Endangered Species Act at thirty: Conserving biodiversity in human-dominated landscapes. 
Island Press, Washington, DC. 
Robbins, K. 2010. Recovery of an endangered provision: untangling and revising critical habitat 
under the Endangered Species Act. Buffalo Law Review 58:1095-1126. 
Rosenfeld, J. S., and T. Hatfield. 2006. Information needs for assessing critical habitat of freshwater 
fish. Canadian Journal of Fisheries and Aquatic Sciences 63:683-698. 
Runge, C. A., T. G. Martin, H. P. Possingham, S. G. Willis, and R. A. Fuller. 2014. Conserving 
mobile species. Frontiers in Ecology and the Environment 12:395-402. 
Saura, S., Ö. Bodin, and M.-J. Fortin. 2014. Stepping stones are crucial for species' long-distance 
dispersal and range expansion through habitat networks. Journal of Applied Ecology 
51:171-182. 
Schwartz, M. W. 1999. Choosing the appropriate scale of reserves for conservation. Annual Review 
of Ecology and Systematics 30:83-108. 
Schwartz, M. W. 2008. The performance of the Endangered Species Act. Annual Review of 
Ecology, Evolution and Systematics 39:279-299. 
Shaffer, M. L. 1981. Minimum population sizes for species conservation. BioScience 31:131-134. 
Talluto, M. V., and K. N. Suding. 2008. Historical change in coastal sage scrub in southern 
California, USA, in relation to fire frequency and air pollution. Landscape Ecology 23:803-
815. 
Tear, T. H., J. M. Scott, P. H. Hayward, and B. Griffith. 1993. Status and prospects for success of 
the Endangered Species Act. Science 262:976-977. 
Tear, T. H., J. M. Scott, P. H. Hayward, and B. Griffith. 1995. Recovery plans and the Endangered 
Species Act: Are criticisms supported by data? Conservation Biology 9:182-195. 
Théberge, E., and J. J. Nocera. 2014. Less specific recovery strategy targets for threatened and non-
charismatic species at risk in Canada. Oryx 48:430-435. 
96 
 
Theobald, D. M., T. Spies, J. Kline, B. Maxwell, N. T. Hobbs, and V. H. Dale. 2005. Ecological 
support for rural land-use planning. Ecological Applications 15:1906-1914. 
Trakhtenbrot, A., R. Nathan, G. Perry, and D. M. Richardson. 2005. The importance of long-
distance dispersal in biodiversity conservation. Diversity and Distributions 11:173-181. 
Treweek, J. 1999. Ecological impact assessment. Blackwell Science, Oxford. 
USFWS (United States Fish and Wildlife Service). 2014. Joint regulations (United States Fish and 
Wildlife Service, Department of the Interior and National Marine Fisheries Service, 
National Oceanic and Atmospheric Administration, Department of Commerce); Endangered 
species committee regulations, listing endangered and threatened species and designating 
critical habitat. US Code of Federal Regulations 50 CFR 424. 
Van Horne, B. 1983. Density as a misleading indicator of habitat quality. Journal of Wildlife 
Management 47:893-901. 
Venter, O., R. A. Fuller, D. B. Segan, J. Carwardine, T. Brooks, S. H. M. Butchart, M. Di Marco, T. 
Iwamura, L. Joseph, D. O'Grady, H. P. Possingham, C. Rondinini, R. J. Smith, M. Venter, 
and J. E. M. Watson. 2014. Targeting global protected area expansion for imperiled 
biodiversity. PLoS Biol 12:e1001891. 
Wang, B. C., and T. B. Smith. 2002. Closing the seed dispersal loop. Trends in Ecology & 
Evolution 17:379-386. 
Watson, J. E. M., M. C. Evans, J. Carwardine, R. A. Fuller, L. N. Joseph, D. B. Segan, M. F. J. 
Taylor, R. J. Fensham, and H. P. Possingham. 2011. The capacity of Australia's protected-
area system to represent threatened species. Conservation Biology 25:324-332. 
  
Chapter 6 SUMMARY AND CONCLUSIONS 
 
Identifying the critical habitat of threatened species is essential if we are to prevent these species 
from becoming extinct due to habitat loss and degradation. In this thesis, I reviewed key concepts 
and challenges surrounding critical habitat identification, and discussed the application of decision 
tools to help improve decisions on when and how to identify critical habitat particularly when 
information is limited. In particular, I focused on a) the current practice of critical habitat 
identification, b) the need for accuracy, c) the importance of timing, and d) recommendations for 
improving the consistency and transparency of critical habitat identification. In this concluding 
chapter, I briefly summarise how these topics were addressed in this thesis, and highlight additional 
studies that further extend the research presented in this thesis. 
Current practices 
To determine how critical habitat has been identified in recent years, as well as identify what factors 
likely influence the identification, I reviewed critical habitat documentation from the United States, 
Canada, and Australia. I found that the identification of critical habitat in practice has been largely 
inconsistent with the underlying conservation objective of species persistence, likely due to data 
deficiency and the desire to avoid conflict with landowners and other stakeholders (Camaclang et 
al. 2015; Chapter 2). This has important implications for the effectiveness of critical habitat 
protection, particularly if the critical habitat identified is insufficient to support the species over the 
long-term, or if the use of surrogate measures and criteria has resulted in the failure to identify 
potentially critical sites. If left unprotected, these unidentified critical habitat sites may eventually 
be lost, thus elevating the risk of extinction of the species beyond acceptable levels.  
The need for accuracy 
The observed mismatch between the current practice of critical habitat identification and the 
underlying conservation objectives highlights the likelihood of errors in the identification of critical 
habitat. In Chapter 3, I considered how these errors can occur, and what the consequences are likely 
to be. I discussed how model and parameter uncertainties, as well as the use of surrogates for long-
term persistence – such as the occupancy, suitability, or relative quality of habitat – can lead to the 
identification of non-critical habitat, or false positive errors, and the failure to identify truly critical 
sites, or false negative errors. Because the loss of truly critical sites can eventually result in species 
extinction, it is important not to assume that identified critical habitat will be sufficient for species 
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persistence. To minimise this possibility, I recommended that the potential for errors in critical 
habitat identification should be explicitly acknowledged, and that other mechanisms should be 
made available to protect unidentified habitat that may also be potentially critical. 
The importance of timing 
Given the potential consequences of errors, it is important to be as accurate as possible when 
identifying critical habitat. However, delaying identification to improve accuracy may result in 
additional loss of habitat in the interim. To address the trade-off between minimising delays in 
critical habitat identification and maximising accuracy, I used an optimisation approach to 
determine how much time to spend on research before protecting habitat (Chapter 4). By using 
estimated rates of habitat loss or other threatening processes in the absence of protection to model 
the potential cost of delay, and Receiver Operating Characteristic (ROC) curves to model the 
benefits of improved accuracy, the optimal time to spend learning can be predicted even when little 
is known about a species and its habitat needs. Although the resulting predictions may be highly 
uncertain, the relatively simple, deterministic models used in this optimisation approach are likely 
to be more accessible and, therefore, potentially more useful to managers, in contrast to simulation-
based approaches to optimisation that have been used in previous studies (e.g., Chades et al. 2008; 
Grantham et al. 2009; Baxter & Possingham 2011; see also Appendix 1). As we begin to learn 
about the species and its habitat needs, more realistic estimates of the rate of learning and the 
impact of threatening processes on populations may be used to refine the model and obtain a more 
accurate prediction of the optimal amount of time to spend learning. 
Improving the consistency and transparency of critical habitat identification 
Where it has potential legal implications, critical habitat identification has also been highly 
contentious (Patlis 2001; Scott 2004; Taylor & Pinkus 2013). Hence, there is a great need for 
clarity, consistency, and transparency in identification, particularly when it must occur before all the 
necessary information is available to identify critical habitat accurately. However, the review of 
critical habitat documentation for a number of species in the United States, Canada, and Australia 
(Chapter 2) revealed that critical habitat descriptions tended to be unclear, making it difficult to 
determine what decision criteria was used to evaluate whether particular sites are part of the critical 
habitat. This observation reflects a similar lack of specificity and clarity found in the statement of 
recovery objectives or criteria in species recovery plans (Gerber & Hatch 2002; Théberge & Nocera 
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2014). Difficulties in identifying and interpreting critical habitat information can lead to concerns 
regarding the validity and accuracy of the identification. 
In Chapter 5, I proposed that a structured decision-making framework can be used to identify 
critical habitat more consistently and with greater clarity and transparency. A structured decision-
making framework improves the consistency of critical habitat identification by requiring the 
explicit and systematic consideration of the purpose, objectives, potential consequences and 
uncertainties, trade-offs, and preferences for particular outcomes (Keeney 1982; Gregory et al. 
2012). By documenting the structured decision process and making the information available to the 
public, the rationale behind the identification of particular sites as critical habitat can be made 
clearer, and the validity of the approach taken may be more easily assessed. Using structured 
decision-making to identify critical habitat may therefore help improve public confidence in critical 
habitat identification, and thus help minimise the potential for conflict. 
The description of a structured decision framework for critical habitat identification in Chapter 5 
integrates much of the findings and conclusions from Chapters 2 – 4, and therefore serves as a 
synthesis of the works included in this thesis. Therefore, for the remainder of this chapter, I focus 
on describing how the research described in this thesis can be extended through future studies. 
Future research directions 
This thesis addressed only a few of the many challenges surrounding the identification as well as 
the protection of critical habitat. In this section, I highlight additional studies that complement and 
further expand on the research presented in this thesis.  
The review of current practices in critical habitat identification (Chapter 2) revealed significant 
differences in how the United States, Canada, and Australia identify critical habitat, likely due to 
the different legal and policy requirements for critical habitat identification in each country. This 
finding raises an interesting question: to what extent do policies and regulations determine how 
critical habitat is identified, as compared to scientific information? A recent analysis of the 
influence of peer reviews on critical habitat designation in the United States has revealed that these 
reviews, which were intended to ensure the use of the best scientific information in critical habitat 
designation, have had little influence on the final designations (Greenwald et al. 2012). Recent court 
challenges of critical habitat identification in Canada have also revealed the influence of 
government or agency policy in the decision to remove critical habitat identification from the 
recovery strategies of a number of species (Taylor & Pinkus 2013). Given these examples, it is 
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possible that for many species, critical habitat identification is intended to meet minimum legal and 
policy requirements rather than strive for greater accuracy. Conducting a more comprehensive 
review of the critical habitat identification process for each country, for instance, through surveys or 
interviews of government biologists or recovery planners, may help determine how these 
requirements should be modified to improve the use of scientific information, and, therefore, the 
accuracy of critical habitat identification. 
One of the main barriers to the accurate identification of critical habitat is the lack of adequate data 
on demographic, dispersal, and landscape parameters to assess the contribution of different sites to 
species persistence (Beissinger & Westphal 1998; Reed et al. 2002). In this thesis, I discussed the 
use of surrogate measures to identify critical habitat and the potential errors that can result from this 
use (Chapters 3 & 5). To better inform decisions about how critical habitat should be identified, it 
will be valuable to compare quantitatively the accuracy of different approaches with the best-
practice approach: the prediction of extinction risks under different habitat configurations (Reed et 
al. 2006; Rosenfeld & Hatfield 2006). One way to do this may be by using different approaches to 
identify critical habitat, either for a real species or a simulated one, and evaluating the accuracy of 
the critical habitat map resulting from each approach by comparing it to the map generated through 
a spatially-explicit population viability analysis. Information about the accuracy of each approach, 
along with the amount of time spent to achieve that level of accuracy, may then be used in place of 
hypothetical learning curves and ROC curves to model the benefit of learning and to predict the 
optimal amount of time to spend doing so, as in Chapter 4.  
In Chapter 5, I recommended the use of decision analysis to aid in the identification of critical 
habitat for a given species, and mentioned that other critical habitat decisions may also benefit from 
the application of decision analysis. In particular, the prioritisation of species for critical habitat 
identification is likely to be controversial, but necessary given the limited budgets and capacities of 
government agencies. Currently, critical habitat identification in the United States is tied to the 
listing of species as threatened or endangered under the Endangered Species Act, and to recovery 
planning in Canada. Listing and recovery planning priorities therefore determine the order of 
species for which to identify critical habitat. However, the conservation benefits of identifying and 
protecting critical habitat may not be the same as the benefits of listing or recovery planning 
(Possingham et al. 2002). Some species may be highly threatened by factors not directly related to 
habitat loss or disturbance, such as disease (e.g., white-nose syndrome in the little brown bat 
[Myotis lucifugus], Frick et al. 2010) or overexploitation (e.g., harvest of northern abalone [Haliotis 
kamtschatkana], Campbell 2000), or by changes to habitat that cannot be addressed by protection 
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alone, such as climate change (e.g., impact of declining sea ice extent on polar bears [Ursus 
maritimus], Hunter et al. 2010) or the spread of invasive species (e.g., impact of zebra mussel 
[Dreissena polymorpha] on North American unionid mussels, Ricciardi et al. 1998). These species 
may thus benefit less from critical habitat protection than species that are threatened by direct 
habitat loss. Hence, it may be more efficient to identify different species priorities for critical 
habitat identification. A cost-effectiveness prioritisation tool (e.g., Joseph et al. 2009; Carwardine et 
al. 2012) may help identify these priorities by explicitly considering the conservation benefits of 
critical habitat protection, along with the potential accuracy of identification, the feasibility of 
enforcing protection, and the costs of identifying and protecting critical habitat. Developing a tool 
for the cost-effective prioritisation of species for critical habitat identification could improve the 
rates and potential effectiveness of critical habitat identification. 
Finally, it is important to note that the accurate identification of critical habitat is an essential but 
insufficient step to preventing extinction due to habitat loss. Throughout this thesis, I have also 
stressed the importance of effective protection of critical habitat. However, the effectiveness of 
critical habitat protection has not yet been directly assessed. Previous reviews of the effectiveness 
of critical habitat designation in the United States have assessed the correlation, or lack thereof, 
between species recovery and the presence or absence of designation (e.g., Male & Bean 2005; 
Taylor et al. 2005; Gibbs & Currie 2012), but have not considered how well critical habitat 
protection has been enforced, and how this may affect species persistence. A recent study reviewed 
how frequently consultations regarding proposed activities on critical habitat have resulted in the 
prohibition or modification of such activities (Owen 2012), but did not attempt to relate this to 
species recovery, in terms of improvements in species’ population trends. Determining the 
relationship between the level of enforcement and species recovery can help improve the evaluation 
of the benefits of critical habitat identification and protection, particularly in the context of 
economic analyses (Sinden 2004), as well as potentially improve the effectiveness of protection.  
Final thoughts 
Due to its implications for species persistence, the importance of identifying and protecting critical 
habitat, particularly for threatened species, should not be underestimated. In this thesis, I 
highlighted the importance of accuracy, timeliness, consistency, and transparency in critical habitat 
identification, and provided some recommendations for improving them. By doing so we can 
increase the benefits of protection, reduce the potential costs, and improve public confidence in the 
process. While the conservation impact will ultimately be determined by the effectiveness of 
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protection and management, providing better guidelines for identifying critical habitat is an 
important step in the long road to full species recovery. 
Literature Cited 
Baxter, P. W. J., and H. P. Possingham. 2011. Optimizing search strategies for invasive pests: learn 
before you leap. Journal of Applied Ecology 48:86-95. 
Beissinger, S. R., and M. I. Westphal. 1998. On the use of demographic models of population 
viability in endangered species management. Journal of Wildlife Management 62:821-841. 
Camaclang, A. E., M. Maron, T. G. Martin, and H. P. Possingham. 2015. Current practices in the 
identification of critical habitat for threatened species Conservation Biology 29:482-492. 
Campbell, A. 2000. Review of northern abalone, Haliotis kamtschatkana, stock status in British 
Columbia. Pages 41-50 in A. Campbell, editor. Workshop on rebuilding abalone stocks in 
British Columbia. NRC Research Press, Canada. 
Carwardine, J., T. O’Connor, S. Legge, B. Mackey, H. P. Possingham, and T. G. Martin. 2012. 
Prioritizing threat management for biodiversity conservation. Conservation Letters 5:196-
204. 
Chadès, I., E. McDonald-Madden, M. A. McCarthy, B. Wintle, M. Linkie, and H. P. Possingham. 
2008. When to stop managing or surveying cryptic threatened species. Proceedings of the 
National Academy of Sciences of the United States of America 105:13936-13940. 
Frick, W. F., J. F. Pollock, A. C. Hicks, K. E. Langwig, D. S. Reynolds, G. G. Turner, C. M. 
Butchkoski, and T. H. Kunz. 2010. An emerging disease causes regional population collapse 
of a common North American bat species. Science 329:679-682. 
Gerber, L. R., and L. T. Hatch. 2002. Are we recovering? An evaluation of recovery criteria under 
the U.S. Endangered Species Act. Ecological Applications 12:668-673. 
Gibbs, K. E., and D. J. Currie. 2012. Protecting endangered species: Do the main legislative tools 
work? PLoS ONE 7:e35730. DOI:10.1371/journal.pone.0035730. 
Grantham, H. S., K. A. Wilson, A. Moilanen, T. Rebelo, and H. P. Possingham. 2009. Delaying 
conservation actions for improved knowledge: how long should we wait? Ecology Letters 
12:293-301. 
Greenwald, D. N., K. F. Suckling, and S. L. Pimm. 2012. Critical habitat and the role of peer review 
in government decisions. BioScience 62:686-690. 
103 
 
Gregory, R., L. Failing, M. Harstone, G. Long, T. McDaniels, and D. Ohlson 2012. Structured 
decision making: a practical guide to environmental management choices. Wiley-Blackwell, 
Hoboken, N.J. 
Hunter, C. M., H. Caswell, M. C. Runge, E. V. Regehr, S. C. Amstrup, and I. Stirling. 2010. 
Climate change threatens polar bear populations: a stochastic demographic analysis. 
Ecology 91:2883-2897. 
Joseph, L. N., R. F. Maloney, and H. P. Possingham. 2009. Optimal allocation of resources among 
threatened species: A project prioritization protocol. Conservation Biology 23:328-338. 
Keeney, R. L. 1982. Decision analysis: an overview. Operations Research 30:803-838. 
Male, T. D., and M. J. Bean. 2005. Measuring progress in US endangered species conservation. 
Ecology Letters 8:986-992. 
Owen, D. 2012. Critical habitat and critical challenge of regulating small harms. Florida Law 
Review 64:141-199. 
Patlis, J. M. 2001. Paying tribute to Joseph Heller with the Endangered Species Act: when critical 
habitat isn't. Stanford Environmental Law Journal 20:133. 
Possingham, H. P., S. J. Andelman, M. A. Burgman, R. A. Medellı́n, L. L. Master, and D. A. Keith. 
2002. Limits to the use of threatened species lists. Trends in Ecology & Evolution 17:503-
507. 
Reed, J. M., H. R. Akçakaya, M. Burgman, D. Bender, S. R. Beissinger, and J. M. Scott. 2006. 
Critical habitat. Pages 164-177 in J. M. Scott, D. D. Goble, and F. W. Davis, editors. The 
Endangered Species Act at thirty: Conserving biodiversity in human-dominated landscapes. 
Island Press, Washington, DC. 
Reed, J. M., L. S. Mills, J. B. Dunning, E. S. Menges, K. S. McKelvey, R. Frye, S. R. Beissinger, 
M.-C. Anstett, and P. Miller. 2002. Emerging issues in population viability analysis. 
Conservation Biology 16:7-19. 
Ricciardi, A., R. J. Neves, and J. B. Rasmussen. 1998. Impending extinctions of North American 
freshwater mussels (Unionoida) following the zebra mussel (Dreissena polymorpha) 
invasion. Journal of Animal Ecology 67:613-619. 
Rosenfeld, J. S., and T. Hatfield. 2006. Information needs for assessing critical habitat of freshwater 
fish. Canadian Journal of Fisheries and Aquatic Sciences 63:683-698. 
Scott, N. 2004. Only 30: a portrait of the Endangered Species Act as a young law. BioScience 
54:288-294. 
104 
 
Sinden, A. 2004. The economics of endangered species: Why less is more in the economic analysis 
of critical habitat designations. Harvard Environmental Law Review 28:129-214. 
Taylor, E. B., and S. Pinkus. 2013. The effects of lead agency, nongovernmental organizations, and 
recovery team membership on the identification of critical habitat for species at risk: 
insights from the Canadian experience. Environmental Reviews 21:93-102. 
Taylor, M. F. J., K. F. Suckling, and J. J. Rachlinski. 2005. The effectiveness of the Endangered 
Species Act: A quantitative analysis. BioScience 55:360-367. 
Théberge, E., and J. J. Nocera. 2014. Less specific recovery strategy targets for threatened and non-
charismatic species at risk in Canada. Oryx 48:430-435. 
 
 
  
APPENDIX 1 TIMING OF PROTECTION OF CRITICAL HABITAT MATTERS 
 
Authors 
Tara G. Martin*1,2, Abbey Camaclang1,2, Hugh P. Possingham2, Lynn A. Maguire3, Iadine Chadès*1 
1CSIRO, Brisbane, Queensland, 4001, Australia 
2Australian Research Council Centre of Excellence for Environmental Decisions, The Australian National 
Environmental Research Program's Environmental Decisions Hub, Centre for Biodiversity and 
Conservation Science, University of Queensland, Brisbane, Australia.     
3Nicholas School of the Environment, Duke University, Box 90328, Durham, North Carolina, 27708 United 
States 
 
*Both authors contributed equally to this paper 
 
[NOTE: This research uses a simulation approach to address the same decision problem as 
Chapter 4 of this thesis, and served as the inspiration for the work presented in Chapter 4. This 
manuscript relates directly to the topic of critical habitat identification, and is therefore included in 
this thesis as an Appendix for the sake of completion. Much of the work on this manuscript were 
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analysis of the simulation results, and in assembling the information on the rates of critical habitat 
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Abstract 
Protection of critical habitat, the habitat required for species’ recovery and persistence, has been 
identified as an essential step in the threatened species recovery process. The protection of critical 
habitat is also one of the most contentious and protracted decisions faced by environmental 
agencies. Uncertainty about what constitutes critical habitat, and the challenges of balancing 
competing societal objectives and of protecting critical habitat once identified are crippling the 
recovery process. We offer insight into this challenge by investigating how long we can afford to 
spend identifying critical habitat before opportunities to recover a species are lost. We apply an 
exhaustive search method to solve this decision problem for Canada’s threatened northern abalone 
(Haliotis kamtschatkana). Our method delivers the stopping time at which habitat protection must 
begin, despite uncertainty, in order to avoid an unacceptable risk of species loss. 
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Introduction 
Protection of critical habitat is a key step in the recovery and conservation of threatened species. In 
the United States and Canada protection of critical habitat is a legal obligation under their 
respective environmental legislations, whereas in other countries such as Australia it is optional.  
The term critical habitat is legally defined as habitat areas that are “essential to the conservation” 
(United States, Endangered Species Act [ESA] of 1973, 16 USC §§ 1531-1544) or “necessary to the 
survival or recovery” (Canada, Species at Risk Act [SARA], SC 2002, c 29) or “being critical to the 
survival" (Australia, Environmental Protection and Biodiversity Conservation Act 1999 [EPBC], 
Subdivision BA 207A) of a listed threatened species or listed threatened ecological community. 
Operationally, scientists have recommended that the term critical habitat be used to describe the 
minimum subset of habitat, or resources and conditions, needed to ensure species persistence over 
the long-term (Hall et al. 1997; Rosenfeld & Hatfield 2006; Camaclang et al. 2015). Once 
identified, protection of critical habitat is generally achieved through the prohibition of activities in 
these areas that will result in adverse impacts on the species. Analysis of the effectiveness of 
protecting critical habitat under the United States Endangered Species Act (ESA) suggests a 
positive link between habitat protection and species recovery (Clark et al. 2002; Taylor et al. 2005; 
Hagen & Hodges 2006; although see Kerkvliet & Langpap 2007).  
A failure to identify critical habitat can be the result of a lack of scientific information, but not 
always. Critical habitat to a threatened species recovery team means an essential resource for 
species conservation, but its meaning for other segments of society may be quite different. For 
example, the critical habitat of the woodland Caribou (Rangifer tarandus) overlaps with rich 
petroleum and forestry resources in Northern Canada (Schneider et al. 2010);  the critical habitat of 
western Canada’s resident Killer whale population (Orcinus orca) is a lucrative commercial and 
recreational salmon fishing ground (Ford et al. 2009). These areas of land and sea are not just 
critical habitat for threatened species but they are highly contested areas for resource extraction, 
development, and recreation. It is no surprise then that the listing of critical habitat is one of the 
most contentious and protracted decisions faced by environmental agencies. Both uncertainty of 
what constitutes critical habitat and lack of political will to protect identified critical habitat have 
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stalled the recovery process. Using decision science thinking (Maguire 1986; Possingham & Shea 
1999), we provide insight into this challenging problem through an examination of how long it 
makes sense to continue to learn about a species’ critical habitat before switching our efforts to 
protecting critical habitat, even if our knowledge about critical habitat is incomplete.  
As of late 2014 and early 2015, critical habitat had been legally identified for 45% of listed species 
in the United States (US), 13% in Canada and less than 1% in Australia (Table A1.1). In the US, the 
designation of critical habitat has often led to expensive judicial disputes over infringements on 
private property and development rights (Hagen & Hodges 2006). In an attempt to circumvent these 
controversies, both Canada and Australia have been slow to identify critical habitat for the majority 
of recovery plans released. In Canada, this cautious approach has led to legal challenges against 
government agencies for failing to designate and protect critical habitat when it was known (e.g., 
Greater Sage-grouse Centrocercus urophasianus, Alberta Wilderness Association, et al. v. Minister 
of Environment, 2009 FC 710; Nooksack Dace Rhinichthys cataractae, Environmental Defence 
Canada, et al. v. Minister of Fisheries and Oceans, 2009 FC 878; Killer Whale: David Suzuki 
Foundation v. Minister of Fisheries and Oceans, 2010 FC 1233).  
In practice, determining the subset of habitat needed to ensure species persistence over the long-
term is often not possible with the data available. Instead, determinations are made using measures 
of relative habitat importance (habitat occupancy, suitability and quality) derived from survey data, 
museum records and expert judgment (Camaclang et al. In Prep). A key limitation of this approach 
has been the inability to link population dynamics, and ultimately species persistence, to protection 
of critical habitat (Rosenfeld & Hatfield 2006; Camaclang et al. 2015). Where data is more 
plentiful, species distribution models (SDMs) can help differentiate habitat quality across a species 
range (Guisan et al. 2013). Combined with population dynamics, SDMs can then be used to identify 
critical habitat (Heinrichs et al. 2010).   
Conceptually, current approaches to identifying critical habitat are reasonable. However practically, 
they may fail to deliver the critical habitat delineations, which are necessary to ultimately lead to 
the recovery and persistence of the species. This failure is in part because identifying the habitat 
needed to enable species persistence takes time, during which the species continues to decline. The 
time available to identify critical habitat without risking species extinction depends on the dynamics 
of the species, the urgency of its threats and the rate at which we learn about critical habitat. In 
practice, determining and agreeing on what constitutes a species critical habitat may take far longer 
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than the timeframe available to protect the species before threats such as exploitation, predation and 
habitat loss lead to irreversible decline.  
We present a novel rationale for deciding the timeframe under which identification and protection 
of critical habitat must take place by examining the relationship between learning about critical 
habitat and the population dynamic of a listed species and the threats to its persistence. As we learn 
about critical habitat through surveys, models and expert judgment, uncertainty about what habitat 
is critical declines. But learning costs both time and money (Fig. A1.1). We assume that while we 
are learning about critical habitat, no protection is taking place or protection is sub-optimal, 
increasing the species’ probability of extinction. Making a decision with insufficient information 
about critical habitat (high uncertainty) could jeopardise species persistence because the habitat 
protected is inadequate and/or inappropriate. Alternatively, delaying protection until sufficient 
information is known may come too late. Here we present an approach for weighing the trade-off 
between learning about critical habitat and protecting critical habitat.   
Methods 
Learning about critical habitat 
We simulate the rate at which we learn about critical habitat over time using theory from Receiver 
Operating Characteristic (ROC) curves. ROC curves are increasingly being used to describe the 
predicted accuracy of species habitat maps (e.g. Burgman 2005; Vernier et al. 2008). The curve 
represents a plot of where the predicted habitat map correctly or incorrectly predicts the location of 
the species for different thresholds of acceptance, plotting the proportion of True positives (species 
occur where predicted) and False positives (species do not occur where predicted) (Fig. A1.2). ROC 
curves can take any shape on the way from (0,0) to (1,1) and the area under the ROC curve, AUC, 
is used to assess the agreement between the truth (e.g.,species presence/absence data) and the 
predicted model occurrence.  
We use a family of ROC curves given by y=x1/a, where y is the proportion of correctly predicted 
occurrence (True positives) and x is the proportion of incorrectly predicted occurrences (False 
positives) (Baxter & Possingham 2011). The area under the curve, AUC = a/(a+1) increases with a. 
Following this, the higher the value of a, the better the predicted accuracy of the habitat map. A 
value of a = 1 implies the predicted accuracy of the map is no better than random (AUC=0.5), 
whereas a value of 10 implies a map with over 91% discrimination between critical habitat and non-
critical habitat (Fig. A1.2). We use ROC curves to determine the predicted accuracy of a map of 
109 
 
critical habitat, where the higher the value of a, the more we can correctly distinguish critical 
habitat from non-critical habitat. We apply this concept to develop a range of possible relationships 
between learning about critical habitat, a, and time.  
We consider three main forms this function could take: sigmoid, hyperbolic and linear (Fig. A1.1). 
For the sigmoid and hyperbolic functions, we examine two possible forms of each representing 
different rates of learning about critical habitat over a 50 year time horizon. Under the hyperbolic 
form, knowledge gains are realised quickly, with most knowledge accrued within the first five 
years. Whereas under the sigmoid forms, the rate of learning is initially slower and represents cases 
where there is a time lag between initial investment in surveying and learning about critical habitat. 
Under the linear form, the rate of learning is constant over the 50 year time frame, but faster in the 
first couple years compared to the sigmoid forms. We assume that after 50 years of data collection, 
the discrimination of our critical habitat model will be over 91% accurate (Fig. A1.1).  
When to protect critical habitat for Northern abalone 
Our objective is to ensure the persistence of northern abalone by maximising species density over a 
50 year time-horizon given the population dynamic of the species and uncertainty about how we 
learn about critical habitat. To solve this problem we undertake the following steps: 1. Build a 
stochastic population model for the threatened species. 2. Define the relationship between learning 
about critical habitat and time. 3. Determine the actions (e.g. survey, protect) which will be applied. 
4. Assess which stopping time is optimal to maximise the expected population density of the target 
species over time through an exhaustive search of simulations of the relationship between the 
species population dynamic, the relationship between learning and time, and the actions taken.  
We applied our decision model to the northern abalone (Haliotis kamtschatkana). Northern abalone 
was listed as threatened in 1999 under Canada’s Species at Risk Act (SARA 2002) and endangered 
in 2006 under the  IUCN Red List of Endangered Species. Northern abalone is a patchily distributed 
mollusc with a historic range from Alaska to Baja California with the bulk of its population now 
occurring between Alaska and Washington state (Estes & VanBlaricom 1985). Commercial 
harvests of northern abalone began in British Columbia in the early 1900s and catches peaked in 
1978 at 433 tons per year. Catches then began a dramatic decline until the fishery was closed in 
1990 to allow recovery (Jubinville 2000). Since fishery closure, northern abalone populations have 
failed to recover (Lessard et al. 2007; Chadès et al. 2012). This failure has been attributed largely to 
illegal abalone harvest (poaching) (Gardner et al. 2000; Jubinville 2000), and to a lesser extent 
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predation by recovering sea otter populations (Watson 2000; Tinker et al. 2007), Allee effects 
(Stierhoff et al. 2012), and ocean acidification associated with climate change (Crim et al. 2011).  
We built two stage-structured matrix models for northern abalone within the Pacific Rim National 
Park (PRNP) of British Columbia (BC). The first model represents the dynamic of the northern 
abalone population in the critical habitat. The second model simulates the dynamic of the 
population outside the critical habitat range. Our population density objective is averaged over 
critical and non-critical habitat over a 50-year time horizon. Population model details are provided 
in the Supplementary material.  
Poaching of abalone is a key threat to recovery of this species (Gardner et al. 2000; Jubinville 
2000). We assumed poaching occurs with a varying removal rate of 10 to 50% of the population per 
year (Zhang et al. 2007). When abalone density reaches an arbitrary critical threshold (0.15 
abalone/m2), we factor in an Allee effect. In doing so, we wish to prevent abalone densities from 
falling below this minimum threshold by protecting earlier than what would otherwise be ‘optimal’.  
We consider two possible decisions a manager can take with respect to critical habitat and species 
status. The first decision is to ‘survey’ and learn about critical habitat (increase the AUC). The 
second decision is to ‘protect’ critical habitat, as best we understand it at that time. We assume that 
‘protection’ will ensure that the threat of poaching is reduced by 25% in the protected habitat. 
Effectiveness of anti-poaching measures increase with concordant investment on enforcement 
(Hilborn et al. 2006), but these measures are unlikely to ever be 100% effective.. In this formulation 
of the problem, once the action of ‘protect” has been chosen, the action of surveying cannot be 
reinstated.  
We ran 10,000 simulations for each of the five combinations of learning curves with the stochastic 
population model over a 50 year time-horizon and determined the optimal time to switch resources 
from learning about to protecting critical habitat with varying poaching intensity (See 
Supplementary Material for more information on simulation and model assumptions).  
Results 
The number of years to spend learning about critical habitat, before switching our decision to 
protecting critical habitat, to maximise the expected abalone density over 50 years  for different 
poaching levels and types of learning curves (Fig. A1.1) is illustrated in Figure 3. We find that, 
irrespective of learning curve type, the time that can be afforded to learning about critical habitat 
declines rapidly as the level of threat via poaching exceeds 20-30%. In other words, getting the 
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timing of protection right becomes paramount as the risk of extinction increases (Fig. A1.3, Fig. 
A1.S1). The type of learning curve also influences the time available before a decision to protect 
must be made. Where the rate of learning is rapid initially (e.g., hyperbolic curves 1 & 2, sigmoid 1 
in Fig. A1.3, Fig. A1.S2), and poaching ranges between 10-30%, decisions regarding protection of 
critical habitat should be made early (between 3-7 years), whereas when the learning is slower 
(linear, sigmoid 2 in Fig. A1.3, Fig. A1.S2), more time is required (11-15 years) to learn the 
equivalent amount about critical habitat. Once the level of poaching exceeds 30%, the time that can 
be afforded to learning drops dramatically for all curves except hyperbolic 1. Once poaching 
reaches 40%, little time can be afforded to learning irrespective of learning curve type and our 
chance of saving the population from extinction depends on a rapid decision to protect, even if our 
knowledge about critical habitat is uncertain.  
Examining a single simulation of the northern abalone population over one learning curve (sigmoid 
1) reveals its population trajectory in critical and non-critical habitat, the optimal time to protect 
critical habitat and our ability to distinguish between critical and non-critical habitat at that point in 
time (Fig. A1.4). In this example, the optimal time to protect critical habitat for northern abalone is 
6 years, at which time our ability to distinguish between critical and non-critical habitat is 85%.    
Finally we assess the benefit, in terms of improvement in abalone density, we can expect by waiting 
and learning for the optimal number of years before protecting critical habitat compared to making 
a decision to protect immediately based on no knowledge of where critical habitat is (at best 50% 
chance of being able to distinguish between critical and non-critical habitat (Fig. A1.5). Under the 
fast learning curves (hyperbolic 1, hyperbolic 2, sigmoid 1), the benefit of acting optimally 
increases with poaching level up to a level of 40%, whereas under the slower learning curves 
(linear, sigmoid 2) the benefit peaks at 30% then declines to zero for all learning curves as poaching 
reaches 50%. At 50% poaching, the population declines below 0.15 abalones/m2, the threshold at 
which Allee effects are expected to lead to impaired recruitment and ultimately extinction.  All 
models were run in MatLab version R2011b (code available upon request).  
Discussion 
The identification and protection of critical habitat poses substantial logistical and legal challenges 
(Clark et al. 2002; VanderZwaag & Huchings 2005; DEWHA 2009). Most of the discussion to date 
regarding critical habitat has centred on fine tuning the guidelines for critical habitat to make it 
more legally and scientifically workable (e.g., Sidle 1987; Sinden 2004; Hagen & Hodges 2006; 
Rosenfeld & Hatfield 2006). We add a new perspective, one that considers the time constraint under 
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which decisions about critical habitat protection must be made in order to avoid species extinction. 
We find that where the threat to species persistence is high, decisions to protect critical habitat must 
be made rapidly even if our knowledge of critical habitat at that point in time is uncertain.  
The greater the extinction risk the sooner a decision must be made. Taking an early decision may 
appear counterintuitive in situations where there is a perceived or real lack of information regarding 
what constitutes a species’ critical habitat. However where the level of threat is great, waiting for 
more information may lead to a rapid decline in the species and possible extinction as a result of 
continuing threatening processes. In cases where the level of threat is great, we are left with two 
options: make a critical habitat designation rapidly and assume that at worst we are able to discern 
between critical and non-critical habitat >50% of the time; or accept that the cost and time to learn 
about a species’ critical habitat is too great and therefore scarce conservation resources could be 
better allocated on conservation efforts for a different species where the probability of successful 
identification of critical habitat and subsequent species recovery is greater (McIntyre et al. 1992; 
Bottrill et al. 2008).  
Development of an understanding about the relationship between learning and protection of habitat 
for species recovery will go a long way towards a more sensible and timely approach to species 
conservation. In our model we assume the action to protect critical habitat can occur only once, as 
has been the case with critical habitat designations to date. However, an adaptive management 
approach could be applied whereby learning and protection could occur sequentially through time 
as knowledge of critical habitat improves (Keith et al 2011; Chades et al 2012). In fact, under both 
the United States’ and Canada’s environmental legislation,  the designation of critical habitat is 
required to the maximum extent possible given the best available scientific data, even if incomplete 
(Smallwood et al. 1999; Mooers et al. 2010).  
Our illustration of the trade-off between learning about and protecting critical habitat raises several 
further questions. First, we assume that the hypothetical relationships between learning about 
critical habitat and time are sensible and that at worst they represent the bounds between best and 
worst case scenarios for the species in question. Despite decades of monitoring thousands of 
species, we know very little about the relationship between time and knowledge gain with respect to 
species habitat requirements. If we are to make rational decisions about species recovery and 
conservation we need to document the relationship between investment in surveying and knowledge 
gain. Research tackling this question is finding that decisions can be made much sooner and with 
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less data than we might expect (Grantham et al. 2008; Baxter & Possingham 2011), even when 
species are difficult to detect (Chadès et al. 2011). 
Second, we assume that once critical habitat is protected, there will be a corresponding reduction in 
the processes causing species to decline. However, again we have little published information on 
species recovery as a result of conservation actions, despite decades of active conservation 
measures being carried out. We do know however that there can be significant time-lags between 
conservation action and species recovery (Mac Nally 2008). In the case of reducing poaching 
pressure on northern abalone, we account for the time-lag between poaching reduction and 
population recovery within the population model, but we assume there is a direct and proportional 
benefit to the population; however this may not always be the case. For northern abalone recovery, 
protection of critical habitat will have to include greater surveillance to reduce illegal poaching.   
Finally, we are aware that our analysis does not take into account costs to individuals or to society 
from constraining human extractive and/or recreation uses to protect an endangered species in its 
critical habitat. Such an analysis would entail comparative valuation of endangered species 
populations relative to the individual and societal values placed on human uses of critical habitat, a 
challenging social balancing act. 
Conclusion 
Where the threat to species persistence is high, decisions regarding protection may have to be made 
rapidly, even if knowledge of critical habitat is incomplete. Practically, this uncertainty may invite 
more controversy and legal challenges, however the alternative is likely species extinction while 
deliberations and more data collection take place (Martin et al. 2012). When it comes to species 
conservation, time is the resource that matters most. It is also the resource we cannot get more of.     
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Tables 
Table A1.1 Comparison of critical habitat designations among United States, Canada and 
Australia 
 Country 
Name of 
Act and 
Year 
No. of 
Listed 
Species  
No. of listed 
Species for 
which CH 
identification 
is required 
No. of 
species with  
finalised 
Recovery 
Plans 
No. of CH 
designations 
Proportion 
of listed 
species with 
identified 
CH (%) 
 Australia1 EPBC 1999 1758 NAa 784 5 0.3 
 Canada2 SARA 2002 521 373b 240 47 12.8 
 USA3 ESA 1973 1568c 1568 1129 704 44.9 
    
1http://www.environment.gov.au/cgi-bin/sprat/public/sprat.pl 
2http://sararegistry.gc.ca/  
3http://ecos.fws.gov/ecos/home.action  
a Critical habitat designation optional in Australia 
b Includes 5 extirpated species for which recovery is deemed feasible  
c Species under United States jurisdiction only  
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Figures 
 
Figure A1.1 Theoretical relationship between knowledge gain about critical habitat and time. For 
our analysis we used two types of sigmoid, two types of hyperbolic and one linear learning curve. 
The more that is known about critical habitat the better the critical habitat determination and 
probability of species recovery; however the longer it takes to make a designation, the more costly 
it becomes. Cost is not only financial; importantly, there is a cost associated with the increasing 
risk of extinction by not protecting the species’ critical habitat. The y axis represents our knowledge 
of critical habitat as expressed by ‘a’ from the AUC of the ROC curve (Figure A1.2), where a value 
of a=10 assumes over 91% ability to distinguish between critical and non-critical habitat and a 
value of a=1, only 50%. Blue crosses represent values of ‘a’ from ROC curves for 16 species of 
bird (Vernier et al. 2008) and 4 mammal species (Southgate et al. 2007). See Supplementary 
material.   
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Figure A1.2 Receiver operator characteristic (ROC) curves in the form y=x1/a, can represent the 
predicted accuracy of a species critical habitat map. ROC curves can take any shape between (0,0) 
and (1,1) and the area under the curve (AUC=a/(a+1)) is used to measure the ‘quality of the 
habitat map’ with values closer to 1 indicating the best maps. A value of a=1 corresponds to 50% 
accuracy of the map (random), whereas a value of 10 indicates a critical habitat map with > 91% 
accuracy (i.e., ability to distinguish between true positives and false positives). 
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Figure A1.3 The number of years spent learning to maximise the average abalone density over 50 
years for different poaching levels (varying stochastically between 10 and 50%) and types of 
learning curves. 
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Figure A1.4 Results of a simulation of the relationship between knowledge of critical habitat, 
learning curve (sigmoid curve 1) and resulting abalone density. Starting from the top the first graph 
represents the northern abalone population density for critical habitat (good habitat - green line) 
and non-critical habitat (poor habitat – light blue line) and the average of the two (dark blue line). 
The second graph represents the best decisions to take over 50 years based on the optimal strategy, 
where green is ‘survey and learn about critical habitat’, blue is ‘protect critical habitat’. After a 
decision to ‘protect’ is made, red represents continued protection of critical habitat. The bottom 
graph on the left represents the relationship between the quality of the critical habitat map a and 
time for the learning curve sigmoid curve 1. The blue dotted line represents the quality of the 
critical habitat map ‘a’ at the optimal stopping time to protect critical habitat. The bottom graph on 
the right represents the ROC curve which corresponds to the quality of critical habitat protected 
‘a=5.545’ at the end of the 50 year time horizon. In this simulation there was an 85% ability to 
distinguish between critical and non-critical habitat after the optimal learning time (5 years). 
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Figure A1.5 The change in expected abalone density over 50 years averaged across critical and 
non-critical habitat (in abalone per m2) obtained by spending the optimal amount of time learning 
before protecting critical habitat for different levels of poaching (varying stochastically between 10 
and 50%). 
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Supplementary Material 
Northern Abalone population model 
Two stage-structured matrix models for northern abalone within the Pacific Rim National Park 
(PRNP) of British Columbia (BC) were constructed. The first model represents the dynamic of the 
northern abalone population in the critical habitat. The second model simulates the dynamic of the 
population outside the critical habitat range. Both models are based on carapace lengths (8–135 
mm) and density estimates collected from 2001 to 2002 during underwater visual surveys of index 
sites in southeast Haida Gwaii and the central coast of British Columbia (Zhang et al. 2007; 
Hankewich & Lessard 2008; Hankewich et al. 2008). Data were collected in areas where sea otters 
were largely absent; however, illegal and unreported harvest may have occurred in some survey 
sites. We modelled the density of males and females assuming an equal sex ratio (Breen & Adkins 
1982; Sloan & Breen 1988) and no sex-specific differences in growth or survival. Low densities and 
recruitment failure due to Allee effects have been identified as a key threat to abalone long-term 
viability (Stierhoff et al. 2012). Here we consider Allee effects to occur below a density of 0.15 
abalone per m2. 
Jamieson et al (2004) derived a map of suitable habitat for northern abalone in BC, based on depth, 
substrate type, exposure to currents, and kelp availability, where the suitability index ranged from 0 
(unsuitable) to 4 (very good quality). We have no equivalent spatially-explicit information on the 
habitat suitability for sea otters within the PRNP and therefore we assume, based on their foraging 
behaviour and daily movement patterns, that they interact with a non-spatially structured northern 
abalone population whose characteristics are based on the average carrying capacity, growth rate 
and total area of suitable habitat in PRNP. The estimated total area of suitable habitat for northern 
abalone is 296 km² in the PRNP, with 65 km2 classified as poor quality, 110 km2 medium quality, 
90 km2 good and 31 km2  very good quality. We assumed that ‘good’ and ‘very good’ quality 
habitat constitute critical habitat for northern abalone. In the absence of complete knowledge of 
northern abalone carrying capacity for the PRNP, we assumed a linear relationship between the 
carrying capacity estimated in very good quality habitat (3.34 abalone/m2 based on estimates of 
mean unfished densities in high quality habitat (Breen 1980) and poor habitat (0.83 abalone/m2). 
Similarly we used the maximum recruitment observed in surveys of high quality index sites (Zhang 
et al. 2007) and set a maximum growth rate Rmax of 1.6 in very good quality habitat and 1.05 for 
poor habitat. Density-dependence in abalone recruitment was modelled assuming a Beverton-Holt 
function (Zhang et al. 2007), as formulated in Akçakaya (2005) whereby elements in the stage 
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matrix are varied at each time step to achieve the population growth rate, Rt, predicted by the 
function:  
KNNR
KR
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tt
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Simulation and assumptions 
The optimal time to switch resources from learning about to protecting critical habitat was 
determined through simulating 10,000 times the relationship between the five combinations of 
learning curves with the stochastic northern abalone population model over a 50 year time-horizon 
with poaching intensity varying stochastically between 10 and 50%. We use an exhaustive search 
method to find the stopping time that maximises the population density over this 50 year time-
horizon. The exhaustive search method assesses all combinations of knowledge of critical habitat 
and abalone density for a given learning curve and tells us which combination meets our objective 
of maximising the expected abalone density.   
At each yearly time-step, two possible decisions can be taken based on the knowledge of critical 
habitat and the species status. The first decision is to ‘survey’ and learn about critical habitat which 
in turn increases are ability to distinguish between critical and non-critical habitat and increase the 
Area Under the Curve (AUC) of our Receiver Operating Characteristic (ROC) (see Main text). The 
second decision is to ‘protect’ critical habitat. We assumed that the action to protect could only 
occur once.  Once the decision to protect is taken, a fixed area of habitat is protected, and poaching 
intensity is reduced by 25% across the protected area (critical habitat and non-critical habitat). This 
reduction in poaching in turn influences the abalone population density. Because critical habitat has 
a higher growth rate, its protection yields a greater increase in population density relative to poorer 
quality habitat. In this formulation of the problem, once the action of protect has been made, the 
action of surveying cannot be reinstated.  
In our simulation, the total area of habitat was known, and within this, the total area of critical and 
non-critical habitat was based on data from Jamieson et al (2004). We also assumed that managers 
had enough resources to protect the total area of critical habitat, once known. If our knowledge of 
critical habitat is poor (low AUC  - poor ability to discriminate between critical and non-critical 
habitat) then a much greater proportion of overall habitat would need to be protected to achieve the 
same level of critical habitat protection if we have a high ability to discriminate.    
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Learning curves 
To assess whether our learning curves approximated real-world data collection and accrual of 
knowledge about habitat suitability over time, we examined values of a for published ROC curves 
for 16 bird species based on models using 3 and 9 years of data (Vernier et al. 2008) and values 
published for four mammal species based on 1 and 3 years of data (Southgate et al. 2007). Plotting 
these published values of a on our hypothetical learning curves suggests that our curves are 
plausible (Fig. A1.1) and that learning about habitat suitability generally increases with time as 
expected.  
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Figure A1.S1 Average abalone density over 50 years (in abalone per m2) for each stopping time 
used in the simulations (number of years spent learning before protecting critical habitat). 
Individual plots represent poaching levels, while the lines represent different types of learning 
curves. 
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Figure A1.S2 Range in the optimal number of years to spend learning before protecting critical 
habitats for different learning curves, based on the optimal number of years determined for each 
poaching level from 0.1 to 0.5. Points represent the median values, while lines represent the range 
of values from the minimum to the maximum number of years. 
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Code definitions and list of covariates used in the content analysis 
Table A2.1 List of potential covariates that may have influenced how critical habitats were 
identified. 
Covariates Description and codes used for each covariate 
Taxa Major taxonomic group of the species 
  
Birds 
  
Mammals 
  
Herpetofauna, including both Reptiles and Amphibians 
  
Fish 
  
Invertebrates 
  
Plants, also including Mosses and Lichens 
   Status Conservation status in the country of designation 
  
Endangered, includes both Critically Endangered and Endangered categories 
  
Threatened, includes both Threatened (USA/CAN) and Vulnerable (AUS) 
categories 
   Extent Geographic range of the species, subspecies, or population of interest 
  
Localised/Restricted to a small geographic area or specific locations 
  
Regional, but limited to portions of a single continental or oceanic region 
  
Widespread, occurs globally or on multiple continents/oceanic regions 
   Dispersal Movement ability of individuals of the species 
  
Sessile, or Negligible movements over most of an individual's lifetime 
  
Limited movements within a portion of the total geographic range 
  
Wide-ranging movements over most of the species’ geographic range  
   Distribution Distribution of populations within the region or country of designation 
  
Isolated, or patchily distributed with little dispersal between populations 
  
Fragmented, with some dispersal occurring between populations 
  
Continuous, with no distinct separation into different groups or populations 
132 
 
   Specificity Species exhibits specific habitat use and/or requirements 
  
True 
  
False 
   Threat Primary threatening process causing decline or limiting recovery 
  
Habitat loss and/or degradation 
  
Non-habitat related threats 
   Country Country where critical habitat is designated 
  
Australia (AUS) 
  
Canada (CAN) 
  
United States (USA) 
   Litigation Critical habitat designation has been subject to prior litigation (ruling/settlement) 
  
True 
  False 
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Table A2.2 Coding scheme used in the content analysis of critical habitat documents, organised into categories based on foreshadowing questions 
used to guide the analysis 
Codes Definitions 
1. Information Type (What type of information is critical habitat identification based on?) 
 Occurrence data:  
  Occurrence Based primarily on the locations of known occupied habitats, where species currently occur or 
where they have occurred in the past 
  Habitat features Based on the presence of particular habitat features known or predicted to be essential from 
previous knowledge of species ecology/life history 
 Model-based data:  
  Habitat quality Based on quantitative habitat models that relate species presence to habitat size and quality 
  Spatial structure Based on spatial structure of populations and accounts for habitat connectivity and potential for 
recolonisation of extinct patches 
  Minimum viable population sizes Based on estimates of minimum viable population sizes and the amount of habitat area required 
to meet these minimum targets 
  Spatially explicit population viability Based on predictions of extinction risks in different habitat configurations, using spatially explicit 
population viability analyses 
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2. Habitat Occupancy (How did habitat occupancy influence the identification of critical habitats?) 
 a) Occupied habitat  
  All occupied All known currently occupied habitat was designated as critical 
  Selected occupied Only selected portions or locations known to be currently occupied were identified as critical 
habitat 
  None occupied No currently occupied habitat was identified as critical habitat 
 b) Unoccupied habitat  
  Selected unoccupied Unoccupied habitat was identified as critical 
  None unoccupied No unoccupied habitat was identified as critical 
 c) Previously occupied habitat  
  Previously occupied Unoccupied habitat known to have been occupied in the past was identified as critical habitat 
  No previously occupied No previously occupied habitat was identified as critical habitat 
 d) Potential habitats  
  Potential habitat Unoccupied habitat that was not previously occupied, but may support populations in the future, 
was identified as critical habitat 
  No potential habitat No potential habitat was identified as critical habitat 
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3. Selection Criteria (If only a subset of known habitat is included, what criterion was used to select habitats for inclusion?) 
 a) Occupied  
  Disproportionately important Specific habitat types or locations were considered to be important for crucial life stages or are 
used by important populations. 
  Consistent use/Stable population Locations were known to be used consistently by individuals of the species, or that support 
population sizes greater than a specified threshold 
  Habitat quality Sites contained sufficient amount and quality of important habitat features, or were less disturbed 
and/or degraded 
  Recovery goals Habitat was needed to achieve population or distribution goals for the species 
  Ownership/management status Habitat was of specific ownership or management type that allowed for easier or more cost-
effective designations and protections 
 b) Previously occupied  
  Recolonisation Habitat may be re-occupied by individuals from nearby areas 
  Reintroduction Habitat may be used as reintroduction sites for individuals either translocated from other areas, or 
bred/reared ex-situ 
  Undetected presence Habitat may support populations that are still extant, but have not been observed in recent years 
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 c) Potential habitat  
  Connectivity Sites that were not typically occupied, but serve as movement corridors that connect habitat 
patches 
  Expansion Habitat in close proximity to currently occupied areas that may serve as additional habitat as the 
population size increases 
  Introduction Sites that have been identified as suitable and may serve as habitats for species introductions 
    Undetected presence Sites that have been identified as suitable, and may currently support undetected populations 
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Critical habitat document references 
Table A2.3 List of species selected and the critical habitat documents reviewed for each species 
Taxa Species Name Common Name 
Conservation 
Status 
Listing 
Year 
Critical Habitat Documents 
Australia 
    
Recovery Plans 
Mammal Pipistrellus 
murrayi 
Christmas Island 
Pipistrelle 
Critically 
Endangered 
2006 Schulz, M. and Lumsden, L.F. 2004. National Recovery Plan for the 
Christmas Island Pipistrelle Pipistrellus murrayi. Commonwealth of 
Australia, Canberra. 
Mammal Bettongia 
penicillata 
ogilbyi 
Woylie Endangered 2009 Yeatman, G.J. and Groom, C.J. 2012. National Recovery Plan for the 
Woylie Bettongia penicillata. Wildlife Management Program No. 
51. Department of Environment and Conservation, Perth. 
Mammal Crocidura 
attenuata 
trichura 
Christmas Island 
Shrew 
Endangered 2000 Schulz, M. 2004. National Recovery Plan for the Christmas Island 
Shrew Crocidura attenuata trichura. Department of the Environment 
and Heritage, Canberra. 
Mammal Lasiorhinus 
krefftii 
Northern Hairy-
nosed Wombat; 
Yaminon 
Endangered 2000 Horsup, A. 2004. Recovery Plan for the Northern Hairy-nosed 
Wombat Lasiorhinus krefftii 2004-2008. Report to the Department of 
Environment and Heritage, Canberra. Environmental Protection 
Agency/Queensland Parks and Wildlife Service, Brisbane. 
Mammal Petaurus gracilis Mahogany Glider Endangered 2000 Parsons, M. and Latch, P. 2007. Recovery Plan for the Mahogany 
Glider Petaurus gracilis. Report to Department of the Environment, 
Water, Heritage and the Arts, Canberra. Environmental Protection 
Agency, Brisbane. 
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Mammal Petrogale 
persephone 
Proserpine Rock-
wallaby 
Endangered 2000 Department of Environment and Resource Management. 2010. 
National Recovery Plan for the Proserpine Rock-Wallaby Petrogale 
persephone. Report to the Department of Sustainability, 
Environment, Water, Population and Communities, Canberra. 
Department of Environment and Resource Management, Brisbane. 
Mammal Sminthopsis 
douglasi 
Julia Creek 
Dunnart 
Endangered 2000 Department of Environment and Resource Management. 2009. 
National Recovery Plan for the Julia Creek Dunnart (Sminthopsis 
douglasi). Report to the Department of the Environment, Water, 
Heritage and the Arts, Canberra. Queensland Parks and Wildlife 
Service, Brisbane. 
Mammal Zyzomys palatalis Carpentarian 
Rock-rat; 
Aywalirroomoo 
Endangered 2000 Puckey, H., Woinarski, J., and Trainor, C. 2003. Revised Recovery 
Plan for the Carpentarian Rock-rat Zyzomys palatalis. Parks and 
Wildlife Commission of the Northern Territory, Katherine. 
Mammal Arctocephalus 
tropicalis 
Sub-antarctic fur 
seal 
Vulnerable 2001 Department of the Environment and Heritage. 2004. Sub-Antarctic 
Fur Seal and Southern Elephant Seal Recovery Plan 2004-2009. 
Department of the Environment and Heritage, Canberra 
Mammal Chalinolobus 
dwyeri 
Large-eared Pied 
Bat; 
Large Pied Bat 
Vulnerable 2001 Department of Environment and Resource Management. 2011. 
National Recovery Plan for the Large-eared Pied Bat Chalinolobus 
dwyeri. Report to the Department of Sustainability, Environment, 
Water, Population and Communities, Canberra. 
Mammal Isoodon auratus 
auratus 
Golden 
Bandicoot 
Vulnerable 2000 Palmer, C. Taylor, R. and Burbidge, A. 2003. Recovery Plan for the 
Golden Bandicoot Isoodon auratus and Golden-backed Tree-rat 
Mesembriomys macrurus 2004 - 2009. Northern Territory 
Department of Infrastructure Planning and Environment, Darwin. 
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Mammal Macrotis lagotis Greater Bilby Vulnerable 2000 Pavey, C. 2006. National Recovery Plan for the Greater Bilby 
Macrotis lagotis. Northern Territory Department of Natural 
Resources, Environment and the Arts, Alice Springs. 
Mammal Mesembriomys 
macrurus 
Golden-backed 
Tree-rat; 
Koorrawal 
Vulnerable 2000 Palmer, C. Taylor, R. and Burbidge, A. 2003. Recovery Plan for the 
Golden Bandicoot Isoodon auratus and Golden-backed Tree-rat 
Mesembriomys macrurus 2004 - 2009. Northern Territory 
Department of Infrastructure Planning and Environment, Darwin. 
Mammal Mirounga leonina Southern 
Elephant Seal 
Vulnerable 2001 Department of the Environment and Heritage. 2004. Sub-Antarctic 
Fur Seal and Southern Elephant Seal Recovery Plan 2004-2009. 
Department of the Environment and Heritage, Canberra 
Mammal Xeromys myoides Water 
Mouse;False 
Water 
Rat;Yirrkoo 
Vulnerable 2000 Department of the Environment and Resource Management 2010. 
National Recovery Plan for the Water Mouse (False Water Rat) 
Xeromys myoides. Report to Department of Sustainability, 
Environment, Water, Population and Communities, Canberra. 
Department of the Environment and Resource Management, 
Brisbane. 
Bird Neophema 
chrysogaster 
Orange-bellied 
Parrot 
Critically 
Endangered 
2006 Orange-bellied Parrot Recovery Team. 2006.  National Recovery 
Plan for the Orange-bellied Parrot (Neophema chrysogaster). 
Department of Primary Industries and Water, Hobart. 
Bird Acanthiza pusilla 
archibaldi 
King Island 
Brown Thornbill 
Endangered 2000 Threatened Species Section. 2012. King Island Biodiversity 
Management Plan. Department of Primary Industries, Parks, Water 
and Environment, Hobart. 
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Bird Accipiter 
hiogaster natalis 
Christmas Island 
Goshawk 
Endangered 2000 Hill, R. 2004. National Recovery Plan for the Christmas Island 
Goshawk Accipiter fasciatus natalis. Commonwealth of Australia, 
Canberra. 
Bird Casuarius 
casuarius 
johnsonii 
Southern 
Cassowary 
Endangered 2000 Latch, P. 2007. National Recovery Plan for the Southern Cassowary 
Casuarius casuarius johnsonii. Report to Department of the 
Environment, Water, Heritage and the Arts, Canberra. 
Environmental Protection Agency, Brisbane. 
Bird Diomedea 
exulans exulans 
Tristan Albatross Endangered 2000 Department of Sustainability, Environment, Water, Population and 
Communities. 2011. National Recovery Plan for Threatened 
Albatrosses and Giant Petrels 2011-2016. Commonwealth of 
Australia, Hobart. 
Bird Hylacola 
pyrrhopygia 
parkeri 
Chestnut-rumped 
Heathwren 
Endangered 2005 Willson, A., and Bignall, J. 2009. Regional Recovery Plan for 
Threatened Species and Ecological Communities of Adelaide and the 
Mount Lofty Ranges, South Australia. Department for Environment 
and Heritage, South Australia. 
Bird Manorina 
melanotis 
Black-eared 
Miner 
Endangered 2000 Baker-Gabb, D. 2003. Recovery Plan for the Black-eared Miner 
Manorina melanotis 2002 - 2006: Conservation of old-growth 
dependent mallee fauna. Department for Environment and Heritage, 
Adelaide. 
Bird Ninox 
novaeseelandiae 
undulata 
Southern 
Boobook; 
Norfolk Island 
Boobook Owl 
Endangered 2000 Director of National Parks. 2010. Norfolk Island Region Threatened 
Species Recovery Plan. Department of the Environment, Water, 
Heritage and the Arts, Canberra. 
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Bird Sterna vittata 
bethuni 
New Zealand 
Antarctic Tern 
Endangered 2000 Department of the Environment and Heritage. Recovery Plan for the 
following Seabirds: Round Island Petrel, Herald Petrel, Antarctic 
Tern (New Zealand), Antarctic Tern (Indian Ocean), Blue Petrel, 
Fairy Prion (southern), Heard Shag, Macquarie Shag, Soft-plumaged 
Petrel, Australian Lesser Noddy. 2005-2010. Department of the 
Environment and Heritage, Canberra. 
Bird Thalassarche 
cauta eremita 
Chatham 
Albatross 
Endangered 2000 Department of Sustainability, Environment, Water, Population and 
Communities. 2011. National Recovery Plan for Threatened 
Albatrosses and Giant Petrels 2011-2016. Commonwealth of 
Australia, Hobart. 
Bird Anous 
tenuirostris 
melanops 
Australian Lesser 
Noddy 
Vulnerable 2000 Department of the Environment and Heritage. Recovery Plan for the 
following Seabirds: Round Island Petrel, Herald Petrel, Antarctic 
Tern (New Zealand), Antarctic Tern (Indian Ocean), Blue Petrel, 
Fairy Prion (southern), Heard Shag, Macquarie Shag, Soft-plumaged 
Petrel, Australian Lesser Noddy. 2005-2010. Department of the 
Environment and Heritage, Canberra. 
Bird Macronectes halli Northern Giant 
Petrel 
Vulnerable 2001 Department of Sustainability, Environment, Water, Population and 
Communities. 2011. National Recovery Plan for Threatened 
Albatrosses and Giant Petrels 2011-2016. Commonwealth of 
Australia, Hobart. 
Bird Polytelis 
anthopeplus 
monarchoides 
Eastern Regent 
Parrot 
Vulnerable 2000 Baker-Gabb, D. and Hurley, V.G. 2011. National Recovery Plan for 
the Regent Parrot (Eastern Subspecies) Polytelis anthopeplus 
monarchoides. Department of Sustainability and Environment, 
Melbourne. 
Bird Thalassarche 
bulleri nov.  
Pacific Albatross Vulnerable 2000 Department of Sustainability, Environment, Water, Population and 
Communities. 2011. National Recovery Plan for Threatened 
Albatrosses and Giant Petrels 2011-2016. Commonwealth of 
Australia, Hobart. 
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Bird Thalassarche 
chlororhynchos 
bassi 
Indian Yellow 
Nosed Albatross 
Vulnerable 2000 Department of Sustainability, Environment, Water, Population and 
Communities. 2011. National Recovery Plan for Threatened 
Albatrosses and Giant Petrels 2011-2016. Commonwealth of 
Australia, Hobart. 
Reptile Pseudemydura 
umbrina 
Western Swamp 
Tortoise 
Critically 
Endangered 
2004 Burbidge, A.A., and Kuchling, G. 2004. Western Swamp Tortoise 
(Pseudemydura umbrina) Recovery Plan. Department of 
Conservation and Land Management, Wanneroo. 
Reptile Caretta caretta Loggerhead 
Turtle 
Endangered 2000 Environment Australia. 2003. Recovery Plan for Marine Turtles in 
Australia. Environment Australia, Canberra. 
Reptile Tiliqua 
adelaidensis 
Pygmy Blue-
tongued Lizard; 
Adelaide Blue-
tongued Lizard 
Endangered 2000 Duffy, A., Pound, L. and How, T. 2012. Recovery Plan for the 
Pygmy Bluetongue Lizard Tiliqua adelaidensis. Department of 
Environment and Natural Resources, South Australia. 
Reptile Tympanocryptis 
pinguicolla 
Grassland Earless 
Dragon 
Endangered 2000 Robertson, P. and Evans, M. 2012. National Recovery Plan for the 
Grassland Earless Dragon Tympanocryptis pinguicolla. ACT 
Department of Territory and Municipal Services, Canberra. 
Reptile Chelonia mydas Green Turtle Vulnerable 2000 Environment Australia. 2003. Recovery Plan for Marine Turtles in 
Australia. Environment Australia, Canberra. 
Reptile Christinus 
guentheri 
Lord Howe 
Island Gecko 
Vulnerable 2000 Director of National Parks. 2010. Norfolk Island Region Threatened 
Species Recovery Plan. Department of the Environment, Water, 
Heritage and the Arts, Canberra. 
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Reptile Eretmochelys 
imbricata 
Hawksbill Turtle Vulnerable 2000 Environment Australia. 2003. Recovery Plan for Marine Turtles in 
Australia. Environment Australia, Canberra. 
Reptile Lepidodactylus 
listeri 
Christmas Island 
Gecko; 
Lister's Gecko 
Vulnerable 2000 Cogger, H. 2006. National Recovery Plan for Lister’s Gecko 
Lepidodactylus listeri and the Christmas Island Blind Snake 
Typhlops exocoeti. Department of the Environment and Heritage, 
Canberra. 
Reptile Natator 
depressus 
Flatback turtle Vulnerable 2003 Environment Australia. 2003. Recovery Plan for Marine Turtles in 
Australia. Environment Australia, Canberra. 
Reptile Oligosoma 
lichenigera 
Lord Howe 
Island Skink 
Vulnerable 2000 Director of National Parks. 2010. Norfolk Island Region Threatened 
Species Recovery Plan. Department of the Environment, Water, 
Heritage and the Arts, Canberra. 
Reptile Ramphotyphlops 
exocoeti 
Christmas Island 
Blind Snake 
Vulnerable 2000 Cogger, H. 2006. National Recovery Plan for Lister’s Gecko 
Lepidodactylus listeri and the Christmas Island Blind Snake 
Typhlops exocoeti. Department of the Environment and Heritage, 
Canberra. 
Amphibian Mixophyes balbus Stuttering Frog; 
Southern Barred 
Frog 
Vulnerable 2000 Hunter, D. and Gillespie, G.R. 2011. National Recovery Plan for the 
Stuttering Frog Mixophyes balbus. Department of Sustainability and 
Environment, Melbourne. 
Fish Brachionichthys 
hirsutus 
Spotted Handfish Critically 
Endangered 
2000 Department of the Environment and Heritage. 2005. Recovery Plan 
for the Spotted handfish, Red handfish, Ziebell's handfish, and 
Waterfall Bay handfish. Department of the Environment and 
Heritage, Canberra. 
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Fish Thymichthys 
politus 
Red Handfish Critically 
Endangered 
2004 Department of the Environment and Heritage. 2005. Recovery Plan 
for the Spotted handfish, Red handfish, Ziebell's handfish, and 
Waterfall Bay handfish. Department of the Environment and 
Heritage, Canberra. 
Fish Chlamydogobius 
micropterus 
Elizabeth Springs 
Goby 
Endangered 2000 Fensham R.J., Ponder, W.F. and Fairfax, R.J. 2010. Recovery Plan 
for the Community of Native Species Dependent on Natural 
Discharge of Groundwater from the Great Artesian Basin. Report to 
Department of the Environment, Water, Heritage and the Arts, 
Canberra. Queensland Department of Environment and Resource 
Management, Brisbane. 
Fish Galaxias auratus Golden Galaxias Endangered 2005 Threatened Species Section. 2006. Recovery Plan: Tasmanian 
Galaxiidae 2006-2010. Department of Primary Industries and Water, 
Hobart. 
Fish Galaxias 
fontanus 
Swan Galaxias Endangered 2000 Threatened Species Section. 2006. Recovery Plan: Tasmanian 
Galaxiidae 2006-2010. Department of Primary Industries and Water, 
Hobart. 
Fish Galaxias 
johnstoni 
Clarence 
Galaxias 
Endangered 2000 Threatened Species Section. 2006. Recovery Plan: Tasmanian 
Galaxiidae 2006-2010. Department of Primary Industries and Water, 
Hobart. 
Fish Paragalaxias 
mesotes 
Arthurs 
Paragalaxias 
Endangered 2005 Threatened Species Section. 2006. Recovery Plan: Tasmanian 
Galaxiidae 2006-2010. Department of Primary Industries and Water, 
Hobart. 
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Fish Scaturiginichthys 
vermeilipinnis 
Redfinned Blue 
Eye 
Endangered 2000 Fensham R.J., Ponder, W.F. and Fairfax, R.J. 2010. Recovery Plan 
for the Community of Native Species Dependent on Natural 
Discharge of Groundwater from the Great Artesian Basin. Report to 
Department of the Environment, Water, Heritage and the Arts, 
Canberra. Queensland Department of Environment and Resource 
Management, Brisbane. 
Fish Brachiopsilus 
ziebelli 
Ziebell's 
Handfish; 
Waterfall Bay 
Handfish 
Vulnerable 2000 Department of the Environment and Heritage. 2005. Recovery Plan 
for the Spotted handfish, Red handfish, Ziebell's handfish, and 
Waterfall Bay handfish. Department of the Environment and 
Heritage, Canberra. 
Fish Chlamydogobius 
squamigenus 
Edgbaston Goby Vulnerable 2000 Fensham R.J., Ponder, W.F. and Fairfax, R.J. 2010. Recovery Plan 
for the Community of Native Species Dependent on Natural 
Discharge of Groundwater from the Great Artesian Basin. Report to 
Department of the Environment, Water, Heritage and the Arts, 
Canberra. Queensland Department of Environment and Resource 
Management, Brisbane. 
Fish Galaxias parvus Swamp Galaxias Vulnerable 2006 Threatened Species Section. 2006. Recovery Plan: Tasmanian 
Galaxiidae 2006-2010. Department of Primary Industries and Water, 
Hobart. 
Fish Galaxias 
tanycephalus 
Saddled Galaxias Vulnerable 2000 Threatened Species Section. 2006. Recovery Plan: Tasmanian 
Galaxiidae 2006-2010. Department of Primary Industries and Water, 
Hobart. 
Fish Paragalaxias 
dissimilis 
Shannon 
Paragalaxias 
Vulnerable 2006 Threatened Species Section. 2006. Recovery Plan: Tasmanian 
Galaxiidae 2006-2010. Department of Primary Industries and Water, 
Hobart. 
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Fish Paragalaxias 
eleotroides 
Great Lake 
Paragalaxias 
Vulnerable 2006 Threatened Species Section. 2006. Recovery Plan: Tasmanian 
Galaxiidae 2006-2010. Department of Primary Industries and Water, 
Hobart. 
Fish Rhincodon typus Whale Shark Vulnerable 2001 Department of the Environment and Heritage. 2005. Whale Shark 
(Rhincodon typus) Recovery Plan 2005-2010. Department of the 
Environment and Heritage, Canberra. 
Invertebrate Adclarkia 
dawsonensis 
Boggomoss Snail Critically 
Endangered 
2003 Stanisic, J. 2008. Recovery Plan for the Boggomoss Snail Adclarkia 
dawsonensis. Report to Department of the Environment, Water, 
Heritage and the Arts, Canberra. Environmental Protection Agency, 
Brisbane. 
Invertebrate Dryococelus 
australis 
Lord Howe 
Island Phasmid; 
Land Lobster 
Critically 
Endangered 
2002 Department of Environment and Climate Change. 2007. Lord Howe 
Island Biodiversity Management Plan. Department of Environment 
and Climate Change, Sydney. 
Invertebrate Croitana aestiva Desert Sand-
skipper; 
Aestiva Skipper 
Endangered 2006 Palmer C. M. 2010. National Recovery Plan for the Desert Sand-
skipper Croitana aestiva. Department of Natural Resources, 
Environment, The Arts and Sport, Alice Springs. 
Invertebrate Euploea alcathoe 
enastri 
Gove Crow 
Butterfly 
Endangered 2003 Braby, M.F. 2007. National Recovery Plan for the Gove Crow 
Butterfly Euploea alcathoe enastri. Department of Natural 
Resources, Environment and the Arts, Palmerston. 
Invertebrate Placostylus 
bivaricosus 
Lord Howe 
Placostylus; 
Lord Howe Flax 
Snail 
Endangered 2005 Department of Environment and Climate Change. 2007. Lord Howe 
Island Biodiversity Management Plan. Department of Environment 
and Climate Change, Sydney. 
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Invertebrate Astacopsis gouldi Tasmanian 
GiantFreshwater 
Lobster(Crayfish) 
Vulnerable 2000 Threatened Species Section. 2006. Giant Freshwater Lobster 
Astacopsis gouldi Recovery Plan 2006-2010. Department of Primary 
Industries and Water, Hobart. 
Plant Acacia 
ataxiphylla 
magna 
Large-fruited 
Tammin Wattle 
Endangered 2000 Harris, A., and Brown, A. 2003. Large-fruited Tammin Wattle 
Acacia ataxiphylla magna Interim Recovery Plan 2003-2008. 
Department of Conservation and Land Management, Western 
Australian Threatened Species and Communities Unit. Wanneroo. 
Plant Banksia cuneata Matchstick 
Banksia; 
Quairading 
Banksia 
Endangered 2000 Department of Environment and Conservation. 2009. Matchstick 
Banksia (Banksia cuneata) Recovery Plan. Commonwealth 
Department of the Environment, Water, Heritage and the Arts, 
Canberra. 
Plant Conostylis dielsii 
teres 
Irwin Conostylis Endangered 2000 Chant, A., Stack, G., and English, V. 2005. Irwin's Conostylis 
Conostylis dielsii subsp. teres Interim Recovery Plan 2005-2009. 
Department of Conservation and Land Management, Western 
Australian Threatened Species and Communities Unit, Wanneroo. 
Plant Conostylis 
micrantha 
Small-flowered 
Conostylis 
Endangered 2000 Stack, G., and Chant, A. 2004. Small Flowered Conostylis 
Conostylis micrantha Interim Recovery Plan 2004-2009. Department 
of Conservation and Land Management, Western Australian 
Threatened Species and Communities Unit, Wanneroo. 
Plant Cycas megacarpa (No Common 
Name) 
Endangered 2000 Queensland Herbarium. 2007. National Multi-species Recovery Plan 
for the Cycads, Cycas megacarpa, Cycas ophiolitica, Macrozamia 
cranei, Macrozamia lomandroides, Macrozamia pauli-guilielmi and 
Macrozamia platyrhachis. Report to Department of the Environment 
and Water Resources, Canberra. Queensland Parks and Wildlife 
Service, Brisbane. 
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Plant Darwinia collina Yellow Mountain 
Bell 
Endangered 2000 Hartley, R., and Barrett, S. 2008. Yellow Mountain Bell (Darwinia 
collina) Recovery Plan. Department of Environment and 
Conservation, Albany. 
Plant Epacris glabella Funnel Heath; 
Smooth Heath 
Endangered 2000 Threatened Species Section. 2011. Flora Recovery Plan: Threatened 
Tasmanian Forest Epacrids. Department of Primary Industries, 
Parks, Water and Environment, Hobart. 
Plant Eremophila 
resinosa 
Resinous 
Eremophila 
Endangered 2000 Department of Environment and Conservation. 2009. Resinous 
Eremophila (Eremophila resinosa) Recovery Plan, Department of 
Environment and Conservation, Kensington. 
Plant Eucalyptus 
balanites 
Cadda Road 
Mallee; 
Cadda Mallee 
Endangered 2000 Department of Environment and Conservation. 2004. Eucalyptus 
balanites Interim Recovery Plan 2004-2009. Interim Recovery Plan 
no. 182. Department of Environment and Conservation, Kensington. 
Plant Eucalyptus 
dolorosa 
Dandaragan 
Mallee 
Endangered 2000 Stack, G., Broun, G., and English, V. 2004. Dandaragan mallee 
(Eucalyptus dolorosa) Interim Recovery Plan 2004-2009. 
Department of Conservation and Land Management, Western 
Australian Threatened Species and Communities Unit, Wanneroo. 
Plant Eucalyptus 
leprophloia 
Scaly Butt 
Mallee 
Endangered 2000 Stack, G., and Broun, G. 2004. Scaly-butt Mallee (Eucalyptus 
leprophloia) Interim Recovery Plan 2004-2009. Interim Recovery 
Plan No. 189. Department of Conservation and Land Management, 
Western Australian Threatened Species and Communities Unit, 
Wanneroo. 
Plant Grevillea rara Rare Grevillea Endangered 2000 Department of Environment and Conservation. 2009. Rare Grevillea 
(Grevillea rara) Recovery Plan. Department of Environment and 
Conservation, Kensington. 
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Plant Myoporum 
turbinatum 
Salt Myoporum Endangered 2000 Taylor, H., Butler, R., and Brown, A., 2004. Salt Myoporum 
(Myoporum turbinatum) Interim Recovery Plan 2004-2009. Interim 
Recovery Plan No. 186. Department of Conservation and Land 
Management, Western Australian Threatened Species Conservation 
Unit, Wanneroo. 
Plant Banksia 
squarrosa 
argillacea 
Whicher Range 
Dryandra 
Vulnerable 2000 Luu, R., and English, V. 2004. Whicher Range Dryandra Dryandra 
squarrosa subsp. argillacea Interim Recovery Plan 2004-2009. 
Department of Conservation and Land Management, Western 
Australian Threatened Species and Communities Unit, Wanneroo. 
Plant Melaleuca deanei Deane's 
Melaleuca; 
Deane's 
Paperbark 
Vulnerable 2001 Department of Environment, Climate Change and Water. 2010. 
Recovery Plan for Melaleuca deanei. Department of Environment, 
Climate Change and Water, Sydney. 
Canada 
    
Recovery Strategies and Action Plans 
Mammal Mustela nigripes Black-footed 
Ferret 
Extirpated 2003 Tuckwell, J., and T. Everest. 2009. Recovery Strategy for the Black-
footed Ferret (Mustela nigripes) in Canada. Species at Risk Act 
Recovery Strategy Series. Parks Canada Agency, Ottawa. 
Mammal Eubalaena 
glacialis 
North Atlantic 
Right Whale 
Endangered 2003 Brown, M.W., Fenton, D., Smedbol, K., Merriman, C., Robichaud-
Leblanc, K., and Conway, J.D. 2009. Recovery Strategy for the 
North Atlantic Right Whale (Eubalaena glacialis) in Atlantic 
Canadian Waters. Species at Risk Act Recovery Strategy Series. 
Fisheries and Oceans Canada, Dartmouth. 
Mammal Hyperoodon 
ampullatus 
Northern 
Bottlenose 
Whale, 
Scotian Shelf 
Endangered 2006 Fisheries and Oceans Canada. 2010. Recovery Strategy for the 
Northern Bottlenose Whale, Scotian Shelf population, in Atlantic 
Canadian Waters. Species at Risk Act Recovery Strategy Series. 
Fisheries and Oceans Canada, Dartmouth. 
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Mammal Orcinus orca Killer Whale, 
Southern 
Resident 
Endangered 2003 Fisheries and Oceans Canada. 2011. Recovery Strategy for the 
Northern and Southern Resident Killer Whales (Orcinus orca) in 
Canada. Species at Risk Act Recovery Strategy Series. Fisheries & 
Oceans Canada, Ottawa. 
Mammal Rangifer 
tarandus caribou 
Woodland 
Caribou, 
Gaspésie 
Endangered 2003 Gaspésie Woodland Caribou Recovery Team. 2006. Gaspésie 
Woodland Caribou Recovery Plan (2002-2012) (Rangifer tarandus 
caribou). Ministère des Ressources naturelles et de la Faune, Secteur 
Faune, Québec. 
Mammal Delphinapterus 
leucas 
Beluga Whale, 
St Lawrence 
Estuary 
Threatened 2003 Fisheries and Oceans Canada. 2012. Recovery Strategy for the 
Beluga Whale (Delphinapterus leucas) St. Lawrence Estuary 
Population in Canada. Species at Risk Act Recovery Strategy Series. 
Fisheries and Oceans Canada, Ottawa. 
Mammal Orcinus orca Killer Whale, 
Northern 
Resident 
Threatened 2003 Fisheries and Oceans Canada. 2011. Recovery Strategy for the 
Northern and Southern Resident Killer Whales (Orcinus orca) in 
Canada. Species at Risk Act Recovery Strategy Series. Fisheries & 
Oceans Canada, Ottawa. 
Mammal Rangifer 
tarandus caribou 
Woodland 
Caribou,Boreal 
Population 
Threatened 2002 Environment Canada. 2012. Recovery Strategy for the Woodland 
Caribou (Rangifer tarandus caribou), Boreal population, in Canada. 
Species at Risk Act Recovery Strategy Series. Environment Canada, 
Ottawa. 
Bird Athene 
cunicularia 
Burrowing Owl Endangered 2003 Environment Canada. 2012. Recovery Strategy for the Burrowing 
Owl (Athene cunicularia) in Canada. Species at Risk Act Recovery 
Strategy Series. Environment Canada, Ottawa.  
Bird Centrocercus 
urophasianus 
urophasianus 
Greater Sage 
Grouse 
Endangered 2003 Lungle, K. and S. Pruss. 2008. Recovery Strategy for the Greater 
Sage-Grouse (Centrocercus urophasianus urophasianus) in Canada. 
Species at Risk Act Recovery Strategy Series. Parks Canada Agency, 
Ottawa. 
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Bird Charadrius 
melodus 
circumcinctus 
Piping plover 
circumcinctus 
ssp. 
Endangered 2003 Environment Canada. 2006. Recovery Strategy for the Piping Plover 
(Charadrius melodus circumcinctus) in Canada. Species at Risk Act 
Recovery Strategy Series. Environment Canada, Ottawa.  
     *Environment Canada. 2013. Action Plan for the Piping Plover 
(Charadrius melodus circumcinctus) in Ontario. Species at Risk Act 
Action Plan Series. Environment Canada, Ottawa.  
Bird Charadrius 
melodus melodus 
Piping plover 
melodus ssp. 
Endangered 2003 Environment Canada. 2012. Recovery Strategy for the Piping Plover 
(Charadrius melodus melodus) in Canada. Species at Risk Act 
Recovery Strategy Series. Environment Canada, Ottawa. 
Bird Empidonax 
virescens 
Acadian 
Flycatcher 
Endangered 2003 Environment Canada. 2012. Recovery strategy for the Acadian 
Flycatcher (Empidonax virescens) and the Hooded Warbler 
(Wilsonia citrina) in Canada. Species at Risk Act Recovery Strategy 
Series. Environment Canada, Ottawa. 
Bird Grus americana Whooping Crane Endangered 2003 Environment Canada. 2007. Recovery Strategy for the Whooping 
Crane (Grus americana) in Canada. Species at Risk Act Recovery 
Strategy Series. Environment Canada, Ottawa. 
Bird Protonotaria 
citrea 
Prothonotary 
Warbler 
Endangered 2003 Environment Canada. 2011. Recovery Strategy for the Prothonotary 
Warbler (Protonotaria citrea) in Canada. Species at Risk Act 
Recovery Strategy Series. Environment Canada, Ottawa.  
Bird Sterna dougallii Roseate Tern Endangered 2003 Environment Canada. 2010. Amended Recovery Strategy for the 
Roseate Tern (Sterna dougallii) in Canada. Species at Risk Act 
Recovery Strategy Series. Environment Canada, Ottawa. 
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Bird Strix occidentalis 
caurina 
Northern Spotted 
Owl 
Endangered 2003 Chutter, M.J., Blackburn, I., Bonin, D., Buchanan, J., Costanzo, B., 
Cunnington, D., Harestad, A., Hayes, T., Heppner, D., Kiss, L., 
Surgenor, J., Wall, W., Waterhouse, L., and Williams, L. 2004. 
Recovery Strategy for the Northern Spotted Owl (Strix occidentalis 
caurina) in British Columbia. Prepared for the BC Ministry of 
Environment, Victoria. 
Bird Wilsonia citrina Hooded Warbler Threatened 2003 Environment Canada. 2012. Recovery strategy for the Acadian 
Flycatcher (Empidonax virescens) and the Hooded Warbler 
(Wilsonia citrina) in Canada. Species at Risk Act Recovery Strategy 
Series. Environment Canada, Ottawa. 
Reptile Emydoidea 
blandingii 
Blanding's 
Turtle, 
Nova Scotia 
Population 
Endangered 2006 Parks Canada. 2012. Recovery Strategy for the Blanding's turtle 
(Emydoidea blandingii), Nova Scotia population, in Canada. Species 
at Risk Act Recovery Strategy Series. Parks Canada, Ottawa. 
Reptile Coluber 
constrictor 
flaviventris 
Eastern Yellow-
bellied Racer 
Threatened 2003 Parks Canada Agency. 2010. Recovery Strategy for Eastern Yellow-
bellied Racer (Coluber constrictor flaviventris) in Canada. Species at 
Risk Act Recovery Strategy Series. Parks Canada Agency, Ottawa. 
Reptile Thamnophis 
sauritus 
Eastern 
Ribbonsnake, 
Atlantic 
Population 
Threatened 2005 Parks Canada Agency. 2012. Recovery Strategy for the Eastern 
Ribbonsnake (Thamnophis sauritus), Atlantic Population in Canada. 
Species at Risk Act Recovery Strategy Series. Parks Canada Agency, 
Ottawa. 
Fish Gasterosteus sp.  Threespine 
Stickleback, 
Paxton Lake 
species pair 
Endangered 2003 National Recovery Team for Stickleback Species Pairs. 2007. 
Recovery Strategy for Paxton Lake, Enos Lake, and Vananda Creek 
Stickleback Species Pairs (Gasterosteus spp.) in Canada. Species at 
Risk Act Recovery Strategy Series, Fisheries and Oceans Canada, 
Ottawa. 
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Fish Moxostoma 
hubbsi 
Copper Redhorse Endangered 2007 Fisheries and Oceans Canada. 2012. Recovery Strategy for the 
Copper Redhorse (Moxostoma hubbsi) in Canada. Species at Risk 
Act Recovery Strategy Series. Fisheries and Oceans Canada, Ottawa.  
Fish Noturus 
stigmosus 
Northern 
Madtom 
Endangered 2005 Edwards, A.L., A.Y. Laurin, and S.K. Staton. 2012. Recovery 
Strategy for the Northern Madtom (Noturus stigmosus) in Canada. 
Species at Risk Act Recovery Strategy Series. Fisheries and Oceans 
Canada, Ottawa. 
Fish Rhinichthys 
cataractae 
Nooksack Dace  Endangered 2003 Pearson, M.P., T. Hatfield, J.D. McPhail, J.S. Richardson, J.S. 
Rosenfeld, H. Schreier, D. Schluter, D.J. Sneep, M. Stejpovic, E.B. 
Taylor, and P.M. Wood. 2008. Recovery Strategy for the Nooksack 
Dace (Rhinichthys cataractae) in Canada. Species at Risk Act 
Recovery Strategy Series, Fisheries and Oceans Canada, Vancouver.  
Fish Salmo salar Atlantic Salmon, 
Inner Bay of 
Fundy 
Endangered 2003 Department of Fisheries and Oceans Canada. 2010. Recovery 
Strategy for the Atlantic salmon (Salmo salar), Inner Bay of Fundy 
Populations. Species at Risk Act Recovery Strategy Series. Fisheries 
and Oceans Canada, Ottawa. 
Fish Salvelinus 
fontinalis 
timagamiensis 
Aurora Trout Endangered 2003 Aurora Trout Recovery Team. 2006. Recovery Strategy for the 
Aurora trout (Salvelinus fontinalis timagamiensis) in Canada. 
Species at Risk Act Recovery Strategy Series. Fisheries and Oceans 
Canada, Ottawa. 
Fish Morone saxatilis Striped Bass, 
St Lawrence 
Estuary 
Population 
Extirpated 2011 Robitaille, J., M. Bérubé, A. Gosselin, M. Baril, J. Beauchamp, J. 
Boucher, S. Dionne, M. Legault, Y. Mailhot, B. Ouellet, P. Sirois, S. 
Tremblay G. Trencia, G. Verreault and D. Villeneuve. 2011. 
Recovery Strategy for the Striped Bass (Morone saxatilis), St. 
Lawrence Estuary Population, Canada. Species at Risk Act Recovery 
Strategy Series. Fisheries and Oceans Canada, Ottawa. 
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Fish Erimyzon sucetta Lake Chubsucker Threatened 2003 Staton, S.K., K.L. Vlasman, and A.L. Edwards. 2010. Recovery 
Strategy for the Lake Chubsucker (Erimyzon sucetta) in Canada. 
Species at Risk Act Recovery Strategy Series. Fisheries and Oceans 
Canada, Ottawa. 
Fish Lepisosteus 
oculatus 
Spotted Gar Threatened 2005 Staton, S.K., A.L. Boyko, S.E. Dunn, and M. Burridge. 2012. 
Recovery strategy for the Spotted Gar (Lepisosteus oculatus) in 
Canada. Species at Risk Act Recovery Strategy Series. Fisheries and 
Oceans Canada, Ottawa. 
Invertebrate Haliotis 
kamtschatkana 
Northern 
Abalone 
Endangered 2011 Fisheries and Oceans Canada. 2007. Recovery Strategy for the 
Northern Abalone (Haliotis kamtschatkana) in Canada. Species at 
Risk Act Recovery Strategy Series. Fisheries and Oceans Canada, 
Vancouver. 
     Fisheries and Oceans Canada. 2012. Action Plan for the Northern 
Abalone (Haliotis kamtschatkana) in Canada Species at Risk Act 
Action Plan Series. Fisheries and Oceans Canada, Ottawa.  
Invertebrate Physella 
johnsonii 
Banff Springs 
Snail 
Endangered 2003 Lepitzki, D.A.W. and C. Pacas. 2010. Recovery Strategy and Action 
Plan for the Banff Springs Snail (Physella johnsoni), in Canada. 
Species at Risk Act Recovery Strategy Series. Parks Canada Agency, 
Ottawa. 
Invertebrate Schinia bimatris White Flower 
Moth 
Endangered 2006 Environment Canada. 2011. Recovery Strategy for the White Flower 
Moth (Schinia bimatris) in Canada. Species at Risk Act Recovery 
Strategy Series. Environment Canada, Ottawa.  
Invertebrate Tegeticula 
yuccasella 
Yucca Moth Endangered 2005 Environment Canada. 2011. Recovery Strategy for the Soapweed 
(Yucca glauca) and Yucca Moth (Tegeticula yuccasella) in Canada. 
Species at Risk Act Recovery Strategy Series. Environment Canada, 
Ottawa.  
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Invertebrate Oarisma 
poweshiek 
Poweshiek 
Skipperling 
Threatened 2005 Environment Canada. 2012. Recovery Strategy for the Poweshiek 
Skipperling (Oarisma poweshiek) in Canada. Species at Risk Act 
Recovery Strategy Series. Environment Canada, Ottawa.  
Plant Abronia 
umbellata 
breviflora 
Pink Sand-
verbena 
Endangered 2005 Fairbarns, M.D., C. Webb, L.K. Blight, N. Page, B. Costanzo, T. 
Kaye, T. Lea and J. McIntosh. 2007. Recovery Strategy for the Pink 
Sand-verbena (Abronia umbellata) in Canada. Species at Risk Act 
Recovery Strategy Series. Parks Canada Agency, Ottawa. 
Plant Bryoandersonia 
illecebra 
Spoonleaved 
Moss 
Endangered 2005 Doubt, J. 2005. Recovery Strategy for the Spoon-leaved Moss 
(Bryoandersonia illecebra) in Canada. Environment Canada, Ottawa. 
Plant Camissonia 
contorta 
Contorted-pod 
Evening primrose 
Endangered 2007 Parks Canada Agency. 2011. Recovery Strategy for the Contorted-
pod Evening-primrose (Camissonia contorta) in Canada. Species at 
Risk Act Recovery Strategy Series. Parks Canada Agency, Ottawa. 
Plant Eleocharis 
equisetoides 
Horsetail Spike-
rush 
Endangered 2003 Environment Canada. 2006. Recovery Strategy for the Horsetail 
Spike-rush (Eleocharis equisetoides) in Canada. Species at Risk Act 
Recovery Strategy Series. Environment Canada, Ottawa. 
     Environment Canada. 2011. Action Plan for the Horsetail Spike-rush 
(Eleocharis equisetoides) in Canada. Species at Risk Act Action Plan 
Series. Environment Canada, Ottawa. 
Plant Isoetes 
engelmannii A. 
Braun 
Engelmann's 
Quillwort 
Endangered 2003 Engelmann’s Quillwort Recovery Team. Recovery Strategy for the 
Engelmann's Quillwort (Isoetes engelmannii) in Canada. Species at 
Risk Act Recovery Strategy Series. Parks Canada Agency and 
Ontario Ministry of Natural Resources. 
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Plant Isotria 
medeoloides 
Small Whorled 
Pogonia 
Endangered 2003 McConnell, A. 2007. Recovery Strategy for the Small Whorled 
Pogonia (Isotria medeoloides) in Canada. Environment Canada, 
Ottawa. 
     Environment Canada. 2011. Action Plan for the Small Whorled 
Pogonia (Isotria medeoloides) in Canada. Species at Risk Act Action 
Plan Series. Environment Canada, Ottawa.  
Plant Lupinus 
densiflorus 
Dense-flowered 
Lupine 
Endangered 2006 Parks Canada Agency. 2011. Recovery Strategy for Dense-flowered 
Lupine (Lupinus densiflorus) in Canada. Species at Risk Act 
Recovery Strategy Series. Parks Canada Agency, Ottawa. 
Plant Microbryum 
vlassovii 
Nugget Moss Endangered 2009 Environment Canada. 2012. Recovery Strategy for the Nugget Moss 
(Microbryum vlassovii) in Canada. Species at Risk Act Recovery 
Strategy Series. Environment Canada, Ottawa.  
Plant Opuntia humifusa Eastern Prickly 
Pear Cactus 
Endangered 2003 Dougan & Associates, V. L. McKay, B. C. Hutchinson and P. 
Nantel. 2010. Recovery Strategy for the Eastern Prickly Pear Cactus 
(Opuntia humifusa) in Canada. Species at Risk Act Recovery 
Strategy Series. Parks Canada Agency, Ottawa.  
Plant Stylophorum 
diphyllum 
Wood-poppy Endangered 2003 Bowles, Jane M. 2007. Recovery Strategy for Wood-poppy 
(Stylophorum diphyllum) in Canada. Environment Canada, Ottawa. 
Plant Trichophorum 
planifolium 
Few-flowered 
Club-rush; 
Bashful Rush 
Endangered 2003 Smith, T.W. and C.J. Rothfels. 2007. Recovery Strategy for Few-
flowered Clubrush/Bashful Bulrush (Trichophorum planifolium 
(Sprengel) Palla) in Canada. Prepared for the Ontario Ministry of 
Natural Resources by the Royal Botanical Gardens, Hamilton. 
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Plant Iris lacustris Dwarf Lake Iris Threatened 2006 Parks Canada Agency. 2011. Recovery Strategy for the Dwarf Lake 
Iris (Iris lacustris) in Canada. Species at Risk Act Recovery Strategy 
Series. Parks Canada Agency. Ottawa. 
Plant Justicia 
americana 
American Water-
willow 
Threatened 2003 Parks Canada Agency. 2011. Recovery Strategy for the American 
Water-willow (Justicia americana) in Canada. Species at Risk Act 
Recovery Strategy Series. Parks Canada Agency, Ottawa.  
Plant Salix chlorolepis Green-scaled 
Willow 
Threatened 2007 Environment Canada. 2011. Recovery Strategy for the Green-scaled 
willow (Salix chlorolepis) in Canada. Species at Risk Act Recovery 
Strategy Series. Environment Canada, Ottawa. 
Plant Vaccinium 
stamineum 
Deerberry Threatened 2003 Parks Canada Agency. 2010. Recovery Strategy for Deerberry 
(Vaccinium stamineum) in Canada. Species at Risk Act Recovery 
Strategy Series. Parks Canada Agency, Ottawa. 
United States 
   
Proposed and Final Rules 
Mammal Dipodomys 
merriami parvus 
San Bernardino 
Kangaroo Rat 
Endangered 1998 Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the San Bernardino 
Kangaroo Rat (Dipodomys merriami parvus); proposed rule. Federal 
Register 72: 33808-33842. 
     Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the San 
Bernardino Kangaroo Rat (Dipodomys merriami parvus); final rule. 
Federal Register 73: 61936-62002. 
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Mammal Orcinus orca Killer Whale, 
Southern 
Resident 
Endangered 2006 National Marine Fisheries Service. 2006. Endangered and 
Threatened Species; Designation of Critical Habitat for the Southern 
Resident Killer Whale; proposed rule. Federal Register 71: 34571-
34588. 
     National Marine Fisheries Service. 2006. Endangered and 
Threatened Species; Designation of Critical Habitat for Southern 
Resident Killer Whale; final rule. Federal Register 71: 69054-69070. 
Mammal Ovis canadensis 
californiana 
Sierra Nevada 
Bighorn Sheep 
Endangered 2000 Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Sierra 
Nevada Bighorn Sheep (Ovis canadensis californiana) and Proposed 
Taxonomic Revision; proposed rule. Federal Register 72: 40956-
41008. 
     Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Sierra 
Nevada Bighorn Sheep (Ovis canadensis sierrae) and Taxonomic 
Revision; final rule. Federal Register 73: 45534-45604. 
Mammal Ovis canadensis 
nelsoni 
Peninsular 
Bighorn Sheep, 
Peninsular 
Ranges 
Population 
Endangered 1998 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the 
Peninsular Ranges Population of Desert Bighorn Sheep (Ovis 
canadensis nelsoni); proposed rule. Federal Register 73: 50498-
50529. 
     Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Peninsular 
Bighorn Sheep and Determination of a Distinct Population Segment 
of Desert Bighorn Sheep (Ovis canadensis nelsoni); final rule. 
Federal Register 74: 17288-17365. 
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Mammal Panthera onca Jaguar Endangered 1997 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Jaguar; 
proposed rule. Federal Register 77: 50214-50242. 
     Final rule not yet available 
Mammal Peromyscus 
polionotus 
allophrys 
Choctawhatchee 
Beach Mouse 
Endangered 1985 Fish and Wildlife Service. 2005. Endangered and Threatened 
Wildlife and Plants; Critical Habitat for the Perdido Key Beach 
Mouse, Choctawhatchee Beach Mouse, and St. Andrew Beach 
Mouse; proposed rule. Federal Register 70: 74426-74474. 
     Fish and Wildlife Service. 2006. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Perdido 
Key Beach Mouse, Choctawhatchee Beach Mouse, and St. Andrew 
Beach Mouse; final rule. Federal Register 71: 60238-60370. 
Mammal Peromyscus 
polionotus 
ammobates 
Alabama Beach 
Mouse 
Endangered 1985 Fish and Wildlife Service. 2006. Endangered and Threatened Widlife 
and Plants; Critical Habitat for the Alabama Beach Mouse; proposed 
rule. Federal Register 71:  5516-5546. 
     Fish and Wildlife Service. 2007. Endangered and Threatened Widlife 
and Plants; Designation of Critical Habitat for the Alabama Beach 
Mouse; final rule. Federal Register 72: 4330-4369 
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Mammal Peromyscus 
polionotus 
peninsularis 
St. Andrew 
Beach Mouse 
Endangered 1998 Fish and Wildlife Service. 2005. Endangered and Threatened 
Wildlife and Plants; Critical Habitat for the Perdido Key Beach 
Mouse, Choctawhatchee Beach Mouse, and St. Andrew Beach 
Mouse; proposed rule. Federal Register 70: 74426-74474. 
     Fish and Wildlife Service. 2006. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Perdido 
Key Beach Mouse, Choctawhatchee Beach Mouse, and St. Andrew 
Beach Mouse; final rule. Federal Register 71: 60238-60370. 
Mammal Peromyscus 
polionotus 
trissyllepsis 
Perdido Key 
Beach Mouse 
Endangered 1985 Fish and Wildlife Service. 2005. Endangered and Threatened 
Wildlife and Plants; Critical Habitat for the Perdido Key Beach 
Mouse, Choctawhatchee Beach Mouse, and St. Andrew Beach 
Mouse; proposed rule. Federal Register 70: 74426-74474. 
     Fish and Wildlife Service. 2006. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Perdido 
Key Beach Mouse, Choctawhatchee Beach Mouse, and St. Andrew 
Beach Mouse; final rule. Federal Register 71: 60238-60370. 
Mammal Pteropus 
mariannus 
mariannus 
Mariana Fruit Bat Endangered 1998 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Determinations of Prudency for Two Mammal 
and Four Bird Species in Guam and the Commonwealth of the 
Northern Mariana Islands and Proposed Designations of Critical 
Habitat for One Mammal and Two Bird Species; proposed rule. 
Federal Register 67: 63738-63772. 
     Fish and Wildlife Service. 2004. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Mariana 
Fruit Bat and Guam Micronesian Kingfisher on Guam and the 
Mariana Crow on Guam and in the Commonwealth of the Northern 
Mariana Islands; final rule. Federal Register 69: 62944-62990. 
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Mammal Rangifer 
tarandus caribou 
Woodland 
Caribou,Southern 
Selkirk 
Mountains 
Endangered 1984 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Southern 
Selkirk Mountains Population of Woodland Caribou (Rangifer 
tarandus caribou); proposed rule. Federal Register 76: 74018-74038. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Southern 
Selkirk Mountains Population of Woodland Caribou; final rule. 
Federal Register 77: 71042-71082. 
Mammal Enhydra lutris 
kenyoni 
Northern Sea 
Otter 
Threatened 2005 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the 
Southwest Alaska Distinct Population Segment of the Northern Sea 
Otter (Enhydra lutris kenyoni); proposed rule. Federal Register 73: 
76454-76469. 
     Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the 
Southwest Alaska Distinct Population Segment of the Northern Sea 
Otter (Enhydra lutris kenyoni); final rule. Federal Register 74: 
51988-52012. 
Mammal Lynx canadensis Canada Lynx Threatened 2000 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Contiguous 
United States Distinct Population Segment of the Canada Lynx (Lynx 
canadensis); proposed rule. Federal Register 73: 10860-10896. 
     Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Revised Designation of Critical Habitat for the 
Contiguous United States Distinct Population Segment of the Canada 
Lynx (Lynx canadensis); final rule. Federal Register 74: 8616-8702. 
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Mammal Ursus maritimus Polar Bear Threatened 2008 Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Polar 
Bear (Ursus maritimus) in the United States; proposed rule. Federal 
Register 74: 56058-56086.  
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Polar 
Bear (Ursus maritimus) in the United States; final rule. Federal 
Register 75: 76086-76137. 
Mammal Zapus hudsonius 
preblei 
Preble's 
MeadowJumping 
Mouse 
Threatened 1998 Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Preble’s 
Meadow Jumping Mouse (Zapus hudsonius preblei) in Colorado; 
proposed rule. Federal Register 74: 52066-52107. 
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Preble’s 
Meadow Jumping Mouse in Colorado; final rule. Federal Register 
75: 78430-78483. 
Bird Halcyon 
cinnamomina 
cinnamomina 
Guam 
Micronesian 
Kingfisher 
Extirpated 1984 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Determinations of Prudency for Two Mammal 
and Four Bird Species in Guam and the Commonwealth of the 
Northern Mariana Islands and Proposed Designations of Critical 
Habitat for One Mammal and Two Bird Species; proposed rule. 
Federal Register 67: 63738-63772. 
     Fish and Wildlife Service. 2004. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Mariana 
Fruit Bat and Guam Micronesian Kingfisher on Guam and the 
Mariana Crow on Guam and in the Commonwealth of the Northern 
Mariana Islands; final rule. Federal Register 69: 62944-62990. 
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Bird Ammodramus 
maritimus 
mirabilis 
Cape Sable 
Seaside Sparrow 
Endangered 1973 Fish and Wildlife Service. 2006. Endangered and Threatened 
Wildlife and Plants; Critical Habitat Designation for the Cape Sable 
Seaside Sparrow; proposed rule. Federal Register 71: 63980-64002. 
     Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Critical Habitat Revised Designation for the 
Cape Sable Seaside Sparrow; final rule. Federal Register 72: 62736-
62766. 
Bird Corvus kubaryi Mariana Crow Endangered 1984 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Determinations of Prudency for Two Mammal 
and Four Bird Species in Guam and the Commonwealth of the 
Northern Mariana Islands and Proposed Designations of Critical 
Habitat for One Mammal and Two Bird Species; proposed rule. 
Federal Register 67: 63738-63772. 
     Fish and Wildlife Service. 2004. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Mariana 
Fruit Bat and Guam Micronesian Kingfisher on Guam and the 
Mariana Crow on Guam and in the Commonwealth of the Northern 
Mariana Islands; final rule. Federal Register 69: 62944-62990. 
Bird Empidonax trailii 
extimus 
Southwestern 
Willow 
Flycatcher 
Endangered 1995 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Designation of Revised Critical Habitat for 
Southwestern Willow Flycatcher; proposed rule. Federal Register 76: 
50542-50629. 
     Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Revised Critical Habitat for 
Southwestern Willow Flycatcher; final rule. Federal Register 78: 
344-534. 
164 
 
Bird Loxops 
caeruleirostris 
Kauai Akepa; 
Akekee 
Endangered 2010 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Listing 48 Species on Kauai as Endangered and 
Designating Critical Habitat; proposed rule. Federal Register 73: 
62592-62742. 
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Status for 48 
Species on Kauai as Endangered and Designation of Critical Habitat; 
final rule. Federal Register 75: 18960-19165. 
Bird Oreomystis bairdi Kauai Creeper; 
Akikiki 
Endangered 2010 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Listing 48 Species on Kauai as Endangered and 
Designating Critical Habitat; proposed rule. Federal Register 73: 
62592-62742. 
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Status for 48 
Species on Kauai as Endangered and Designation of Critical Habitat; 
final rule. Federal Register 75: 18960-19165. 
Bird Zosterops 
rotensis 
Rota Bridled 
White-eye 
Endangered 2004 Fish and Wildlife Service. 2005. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Rota 
Bridled White-Eye (Zosterops rotensis); proposed rule. Federal 
Register 70: 54335-54349. 
     Fish and Wildlife Service. 2006. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Rota 
Bridled White-Eye (Zosterops rotensis); final rule. Federal Register 
71: 53589-53605. 
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Bird Brachyramphus 
marmoratus 
marmoratus 
Marbled Murrelet Threatened 1992 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Marbled 
Murrelet; proposed rule. Federal Register 73: 44678-44701. 
     Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Marbled 
Murrelet; final rule. Federal Register 76: 61599-61621. 
Bird Charadrius 
alexandrinus 
nivosus 
Western Snowy 
Plover 
Threatened 1993 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Pacific Coast 
Population of the Western Snowy Plover; proposed rule. Federal 
Register 76: 16046-16165. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Revised Designation of Critical Habitat for the 
Pacific Coast Population of the Western Snowy Plover; final rule. 
Federal Register 77: 36728-36869. 
Bird Charadrius 
melodus 
Piping Plover Threatened 1985 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Revised Designation of Critical Habitat for the 
Wintering Population of the Piping Plover (Charadrius melodus) in 
Texas; proposed rule. Federal Register 73: 29294-29321. 
     Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Revised Designation of Critical Habitat for the 
Wintering Population of the Piping Plover (Charadrius melodus) in 
Texas; final rule. Federal Register 74: 23476-23600. 
Bird Eremophila 
alpestris strigata 
Streaked Horned 
Lark 
Threatened 2013 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Listing Taylor’s Checkerspot Butterfly and 
Streaked Horned Lark and Designation of Critical Habitat; proposed 
rule. Federal Register 77: 61938-62058. 
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     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Taylor’s 
Checkerspot Butterfly and Streaked Horned Lark; final rule. Federal 
Register 78:61506-61589. 
Bird Polioptila 
californica 
californica 
Coastal 
California 
Gnatcatcher 
Threatened 1993 Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Coastal 
California Gnatcatcher (Polioptila californica californica) and 
Determination of Distinct Vertebrate Population Segment for the 
California Gnatcatcher (Polioptila californica); proposed rule. 
Federal Register 68: 20228-20312. 
     Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Revised Designation of Critical Habitat for the 
Coastal California Gnatcatcher (Polioptila californica californica); 
final rule. Federal Register 72: 72010-72213. 
Bird Strix occidentalis 
caurina 
Northern Spotted 
Owl 
Threatened 1990 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Northern 
Spotted Owl; proposed rule. Federal Register 77: 14062-14165. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Revised Critical Habitat for the 
Northern Spotted Owl; final rule. Federal Register 77: 71876-72068. 
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Bird Strix occidentalis 
lucida 
Mexican Spotted 
Owl 
Threatened 1993 Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Mexican 
Spotted Owl; proposed rule. Federal Register 68: 65020-65023. 
     Fish and Wildlife Service. 2004. Endangered and Threatened 
Wildlife and Plants; Final Designation of Critical Habitat for the 
Mexican Spotted Owl; final rule. Federal Register 69: 53182-53230. 
Reptile Masticophis 
lateralis 
euryxanthus 
Alameda 
Whipsnake 
Threatened 1997 Fish and Wildlife Service. 2005. Endangered and Threatened 
Wildlife and Plants; Proposed Designation of Critical Habitat for the 
Alameda Whipsnake; proposed rule. Federal Register 70: 60608-
60656. 
     Fish and Wildlife Service. 2006. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Alameda 
Whipsnake; final rule. Federal Register 71: 58176-58231. 
Amphibian Ambystoma 
bishopi 
Reticulated 
Flatwoods 
Salamander 
Endangered 2009 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Proposed Endangered Status for Reticulated 
Flatwoods Salamander; Proposed Designation of Critical Habitat for 
Frosted Flatwoods Salamander and Reticulated Flatwoods 
Salamander; proposed rule. Federal Register 73: 47258-47324. 
     Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Status for 
Reticulated Flatwoods Salamander; Designation of Critical Habitat 
for Frosted Flatwoods Salamander and Reticulated Flatwoods 
Salamander; final rule. Federal Register 74: 6700-6774. 
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Amphibian Anaxyrus 
californicus 
Arroyo Toad Endangered 1994 Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Arroyo Toad 
(Anaxyrus californicus); proposed rule. Federal Register 74: 52612-
52664. 
     Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Arroyo Toad; 
final rule. Federal Register 76:7246-7467. 
Amphibian Eleutherodactylus 
juanariveroi 
Coquí Llanero Endangered 2012 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; 12-Month Petition Finding, 
Proposed Listing of Coquí Llanero as Endangered, and Designation 
of Critical Habitat for Coquí Llanero; proposed rule. Federal 
Register 76: 63420-63442. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Species Status for 
Coquí Llanero Throughout its Range and Designation of Critical 
Habitat; final rule. Federal Register 77: 60778-60802. 
Amphibian Eurycea 
chisholmensis 
Salado 
Salamander 
Endangered  Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status for Four Central Texas 
Salamanders and Designation of Critical Habitat; proposed rule. 
Federal Register 77: 50768-50854. 
     Final rule not yet available 
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Amphibian Eurycea 
naufragia 
Georgetown 
Salamander 
Endangered  Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status for Four Central Texas 
Salamanders and Designation of Critical Habitat; proposed rule. 
Federal Register 77: 50768-50854. 
     Final rule not yet available 
Amphibian Eurycea 
tonkawae 
Jollyville Plateau 
Salamander 
Endangered 2013 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status for Four Central Texas 
Salamanders and Designation of Critical Habitat; proposed rule. 
Federal Register 77: 50768-50854. 
     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Austin 
Blind and Jollyville Plateau Salamanders; final rule. Federal Register 
78: 51328-51379. 
Amphibian Eurycea 
waterlooensis 
Austin Blind 
Salamander 
Endangered 2013 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status for Four Central Texas 
Salamanders and Designation of Critical Habitat; proposed rule. 
Federal Register 77: 50768-50854. 
     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Austin 
Blind and Jollyville Plateau Salamanders; final rule. Federal Register 
78: 51328-51379. 
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Amphibian Plethodon 
neomexicanus 
Jemez Mountains 
Salamander 
Endangered 2013 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Proposed Endangered Status for the Jemez 
Mountains Salamander and Proposed Designation of Critical Habitat; 
proposed rule. Federal Register 77: 56482-56513. 
     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Jemez 
Mountains Salamander; final rule. Federal Register 78: 69569-
69591. 
Amphibian Rana muscosa Mountain 
Yellow-legged 
Frog 
Endangered 2002 Fish and Wildlife Service. 2005. Endangered and Threatened 
Wildlife and Plants; Proposed Designation of Critical Habitat for the 
Southern California Distinct Vertebrate Population Segment of the 
Mountain Yellow-Legged Frog (Rana muscosa); proposed rule. 
Federal Register 70: 54106-54143. 
     Fish and Wildlife Service. 2006. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Southern 
California Distinct Vertebrate Population Segment of the Mountain 
Yellow-Legged Frog (Rana muscosa); final rule. Federal Register 
71: 54344-54386. 
Amphibian Rana sevosa Dusky Gopher 
Frog 
Endangered 2001 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Mississippi 
Gopher Frog; revised proposed rule. Federal Register 76: 59774-
59802. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Dusky 
Gopher Frog (Previously Mississippi Gopher Frog); final rule. 
Federal Register 77: 35118-35161. 
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Amphibian Ambystoma 
californiense 
California Tiger 
Salamander 
Threatened 2004 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Sonoma 
County Distinct Population Segment of the California Tiger 
Salamander (Ambystoma californiense); revised proposed rule. 
Federal Register 76: 2863-2871. 
     Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Revised Designation of Critical Habitat for the 
Sonoma County Distinct Population Segment of the California Tiger 
Salamander; final rule. Federal Register 76: 54346-54372. 
Amphibian Ambystoma 
cingulatum 
Frosted 
Flatwoods 
Salamander 
Threatened 1999 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Proposed Endangered Status for Reticulated 
Flatwoods Salamander; Proposed Designation of Critical Habitat for 
Frosted Flatwoods Salamander and Reticulated Flatwoods 
Salamander; proposed rule. Federal Register 73: 47258-47324. 
     Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Status for 
Reticulated Flatwoods Salamander; Designation of Critical Habitat 
for Frosted Flatwoods Salamander and Reticulated Flatwoods 
Salamander; final rule. Federal Register 74: 6700-6774. 
Amphibian Eleutherodactylus 
cooki 
Guajón Threatened 1997 Fish and Wildlife Service. 2006. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Guajón 
(Eleutherodactylus cooki); proposed rule. Federal Register 71: 
58954-58991. 
     Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Guajón 
(Eleutherodactylus cooki); final rule. Federal Register 72: 60068-
60114. 
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Amphibian Lithobates 
chiricahuensis 
Chiricahua 
Leopard Frog 
Threatened 2002 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Listing and Designation of Critical Habitat for 
the Chiricahua Leopard Frog; proposed rule. Federal Register 76: 
14126-14207. 
     Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Listing and Designation of Critical Habitat for 
the Chiricahua Leopard Frog; proposed rule. Federal Register 76: 
14126-14207. 
Amphibian Rana aurora 
draytonii 
California Red-
legged Frog 
Threatened 1996 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the California Red-
Legged Frog (Rana aurora draytonii); proposed rule. Federal 
Register 73: 53492-53680. 
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Revised Designation of Critical Habitat for the 
California Red-Legged Frog; final rule. Federal Register 75: 12816-
12959. 
Fish Chasmistes 
brevirostris 
Shortnose Sucker Endangered 1988 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Lost River 
Sucker and Shortnose Sucker; proposed rule. Federal Register 76: 
76337-76358. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Lost River 
Sucker and Shortnose Sucker; final rule. Federal Register 77: 73740-
73768. 
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Fish Chrosomus 
saylori 
Laurel Dace Endangered 2011 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Proposed Designation of Critical Habitat for the 
Cumberland Darter, Rush Darter, Yellowcheek Darter, Chucky 
Madtom, and Laurel Dace; proposed rule. Federal Register 76: 
63360-63418. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the 
Cumberland Darter, Rush Darter, Yellowcheek Darter, Chucky 
Madtom, and Laurel Dace; final rule. Federal Register 77: 63604-
63668. 
Fish Cottus specus Grotto Sculpin Endangered 2013 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status for Grotto Sculpin and 
Designation of Critical Habitat; proposed rule. Federal Register 77: 
59488-59515. 
     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Grotto 
Sculpin (Cottus specus); final rule. Federal Register 78: 58923-
58938. 
Fish Crystallaria 
cincotta 
Diamond Darter Endangered 2013 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status for the Diamond Darter and 
Designation of Critical Habitat; proposed rule. Federal Register 77: 
43906-43939. 
     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Diamond 
Darter (Crystallaria cincotta); final rule. Federal Register 78: 52364-
52387. 
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Fish Etheostoma 
phytophilum 
Rush Darter Endangered 2011 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Proposed Designation of Critical Habitat for the 
Cumberland Darter, Rush Darter, Yellowcheek Darter, Chucky 
Madtom, and Laurel Dace; proposed rule. Federal Register 76: 
63360-63418. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the 
Cumberland Darter, Rush Darter, Yellowcheek Darter, Chucky 
Madtom, and Laurel Dace; final rule. Federal Register 77: 63604-
63668. 
Fish Hybognathus 
amarus 
Rio Grande 
Silvery Minnow 
Endangered 1994 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Rio 
Grande Silvery Minnow; proposed rule. Federal Register 67: 39206-
39235. 
     Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Rio 
Grande Silvery Minnow; final rule. Federal Register 68: 8088-8135. 
Fish Notropis girardi Arkansas River 
Shiner 
Endangered 1998 Fish and Wildlife Service. 2004. Endangered and Threatened 
Wildlife and Plants; Proposed Designation of Critical Habitat for the 
Arkansas River Basin Population of the Arkansas River Shiner; 
proposed rule. Federal Register 69: 59859-59879. 
     Fish and Wildlife Service. 2005. Endangered and Threatened 
Wildlife and Plants; Final Designation of Critical Habitat for the 
Arkansas River Basin Population of the Arkansas River Shiner 
(Notropis girardi); final rule. Federal Register 70: 59808-59846. 
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Fish Noturus crypticus Chucky Madtom Endangered 2011 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Proposed Designation of Critical Habitat for the 
Cumberland Darter, Rush Darter, Yellowcheek Darter, Chucky 
Madtom, and Laurel Dace; proposed rule. Federal Register 76: 
63360-63418. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the 
Cumberland Darter, Rush Darter, Yellowcheek Darter, Chucky 
Madtom, and Laurel Dace; final rule. Federal Register 77: 63604-
63668. 
Fish Oregonichthys 
crameri 
Oregon Chub Endangered 1993 Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Oregon 
Chub (Oregonichthys crameri); proposed rule. Federal Register 74: 
10412-10453. 
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for  Oregon 
Chub (Oregonichthys crameri); final rule. Federal Register 75: 
11010-11067. 
Fish Salmo salar Atlantic 
Salmon,Gulf of 
Maine 
Endangered 2000 National Marine Fisheries Service. 2008. Endangered and 
Threatened Species; Proposed Critical Habitat for the Gulf of Maine 
Distinct Population Segment of Atlantic Salmon; proposed rule. 
Federal Register 73: 51747-51781. 
     National Marine Fisheries Service. 2009. Endangered and 
Threatened Species; Designation of Critical Habitat for Atlantic 
Salmon (Salmo salar) Gulf of Maine Distinct Population Segment; 
final rule. Federal Register 74: 29300-29341. 
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Fish Scaphirhynchus 
suttkusi 
Alabama 
Sturgeon 
Endangered 2000 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Alabama 
Sturgeon (Scaphirhynchus suttkusi); proposed rule. Federal Register 
73: 30361-30374. 
     Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Alabama 
Sturgeon (Scaphirhynchus suttkusi); final rule. Federal Register 74: 
26488-26510. 
Fish Acipenser 
oxyrinchus 
desotoi 
Gulf Sturgeon Threatened 1991 Fish and Wildlife Service, and National Marine Fisheries Service. 
2002. Endangered and Threatened Wildlife and Plants; Designation 
of Critical Habitat for the Gulf Sturgeon; proposed rule. Federal 
Register 67: 39106-39199. 
     Fish and Wildlife Service, and National Marine Fisheries Service. 
2003. Endangered and Threatened Wildlife and Plants; Designation 
of Critical Habitat for the Gulf Sturgeon; final rule. Federal Register 
68: 13370-13495. 
Fish Catostomus 
santaanae 
Santa Ana Sucker Threatened 2000 Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Santa Ana 
Sucker (Catostomus santaanae); proposed rule. Federal Register 74: 
65056-65087. 
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Santa Ana 
Sucker; final rule. Federal Register 75: 77962-78027. 
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Fish Oncorhynchus 
mykiss 
Steelhead Threatened 1997 National Marine Fisheries Service. 2004. Endangered and 
Threatened Species; Designation of Critical Habitat for Seven 
Evolutionarily Significant Units of Pacific Salmon (Oncorhynchus 
tshawytscha) and Steelhead (O. mykiss) in California; proposed rule. 
Federal Register 69: 71880-72017. 
     National Marine Fisheries Service. 2005. Endangered and 
Threatened Species; Designation of Critical Habitat for Seven 
Evolutionarily Significant Units of Pacific Salmon and Steelhead in 
California; final rule. Federal Register 70: 52488-52627. 
Fish Tiaroga cobitis Loach Minnow Threatened 1986 Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Endangered Status and Designation of Critical 
Habitat for Spikedace and Loach Minnow; proposed rule. Federal 
Register 75: 66482-66552. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status and Designations of Critical 
Habitat for Spikedace and Loach Minnow; final rule. Federal 
Register 77: 10810-10932. 
Invertebrate Branchinecta 
sandiegonensis 
San Diego Fairy 
Shrimp 
Endangered 1997 Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the San 
Diego Fairy Shrimp (Branchinecta sandiegonensis); proposed rule. 
Federal Register 68: 19888-19917. 
     Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the San 
Diego Fairy Shrimp (Branchinecta sandiegonensis); final rule. 
Federal Register 72: 70648-70714. 
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Invertebrate Cicurina madla Madla Cave 
Meshweaver 
Endangered 2000 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Nine Bexar 
County, Texas, Invertebrates; proposed rule. Federal Register 76: 
9872-9937. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Nine Bexar 
County, Texas, Invertebrates; final rule. Federal Register 77: 8450-
8523. 
Invertebrate Cicurina venii Braken Bat Cave 
Meshweaver 
Endangered 2012 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Nine Bexar 
County, Texas, Invertebrates; proposed rule. Federal Register 76: 
9872-9937. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Nine Bexar 
County, Texas, Invertebrates; final rule. Federal Register 77: 8450-
8523. 
Invertebrate Dinacoma caseyi Caseys June 
Beetle 
Endangered 2011 Fish and Wildlife Service. 2009. Endangered and Threatened 
Wildlife and Plants; Listing Casey’s June Beetle (Dinacoma caseyi) 
as Endangered and Designation of Critical Habitat; proposed rule. 
Federal Register 74: 32857-32875. 
     Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Status for Casey’s 
June Beetle and Designation of Critical Habitat; final rule. Federal 
Register 76: 58954-58998. 
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Invertebrate Drosophila 
montgomeryi 
Pomace Fly 
(Unnamed) 
Endangered 2006 Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Revised Proposed Designation of Critical 
Habitat for 12 Species of Picture-Wing Flies From the Hawaiian 
Islands; proposed rule. Federal Register 72: 67428-67522. 
     Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for 12 Species of 
Picture-Wing Flies From the Hawaiian Islands; final rule. Federal 
Register 73: 73794- 
Invertebrate Drosophila 
obatai 
Pomace Fly 
(Unnamed) 
Endangered 2006 Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Revised Proposed Designation of Critical 
Habitat for 12 Species of Picture-Wing Flies From the Hawaiian 
Islands; proposed rule. Federal Register 72: 67428-67522. 
     Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for 12 Species of 
Picture-Wing Flies From the Hawaiian Islands; final rule. Federal 
Register 73: 73794- 
Invertebrate Epioblasma 
brevidens 
Cumberlandian 
Combshell 
Endangered 1997 Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Proposed Designation of Critical Habitat for 
Five Endangered Mussels in the Tennessee and Cumberland River 
Basins; proposed rule. Federal Register 68: 33234-33282. 
     Fish and Wildlife Service. 2004. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Five 
Endangered Mussels in the Tennessee and Cumberland River Basins; 
final rule. Federal Register 69: 53136-53180. 
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Invertebrate Euphydryas 
editha taylori 
Taylor's 
Checkerspot 
Butterfly 
Endangered 2013 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Listing Taylor’s Checkerspot Butterfly and 
Streaked Horned Lark and Designation of Critical Habitat; proposed 
rule. Federal Register 77: 61938-62058. 
     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Taylor’s 
Checkerspot Butterfly and Streaked Horned Lark; final rule. Federal 
Register 78:61506-61589. 
Invertebrate Margaritifera 
marrianae 
Alabama 
Pearlshell 
Endangered 2012 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Endangered Status for the Alabama Pearlshell, 
Round Ebonyshell, Southern Sandshell, Southern Kidneyshell, and 
Choctaw Bean, and Threatened Status for the Tapered Pigtoe, 
Narrow Pigtoe, and Fuzzy Pigtoe; With Critical Habitat; proposed 
rule. Federal Register 76: 61482-61529. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Species Status for 
the Alabama Pearlshell, Round Ebonyshell, Southern Sandshell, 
Southern Kidneyshell, and Choctaw Bean, and Threatened Species 
Status for the Tapered Pigtoe, Narrow Pigtoe, Southern Sandshell, 
and Fuzzy Pigtoe, and Designation of Critical Habitat; final rule. 
Federal Register 77: 61664-61719. 
Invertebrate Pleurobema 
pyriforme 
Oval Pigtoe Endangered 1998 Fish and Wildlife Service. 2006. Endangered and Threatened 
Wildlife and Plants; Critical Habitat for Five Endangered and Two 
Threatened Mussels in Four Northeast Gulf of Mexico Drainages; 
proposed rule. Federal Register 71: 32746-32796. 
     Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Five 
Endangered and Two Threatened Mussels in Four Northeast Gulf of 
Mexico Drainages; final rule. Federal Register 72: 64286-64340. 
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Invertebrate Pseudotryonia 
adamantina 
Diamond Tryonia Endangered 2013 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status for Six West Texas Aquatic 
Invertebrate Species and Designation of Critical Habitat; proposed 
rule. Federal Register 77: 49602-49651. 
     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Six West 
Texas Aquatic Invertebrates; final rule. Federal Register 78: 40970-
40996. 
Invertebrate Ptychobranchus 
subtentum 
Fluted 
Kidneyshell 
Endangered 2013 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Species Status for the Fluted 
Kidneyshell and Slabside Pearlymussel and Designation of Critical 
Habitat; proposed rule. Federal Register 77: 60804-60882. 
     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for the Fluted 
Kidneyshell and Slabside Pearlymussel; final rule. Federal Register 
78: 59556-59620. 
Invertebrate Stygobromus 
pecki 
Peck's Cave 
Amphipod 
Endangered 1997 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Proposed Revision of Critical Habitat for the 
Comal Springs Dryopid Beetle, Comal Springs Riffle Beetle, and 
Peck’s Cave Amphipod; proposed rule. Federal Register 77: 64272-
64300. 
     *Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Revised Critical Habitat for the Comal Springs 
Dryopid Beetle, Comal Springs Riffle Beetle, and Peck’s Cave 
Amphipod; final rule. Federal Register 78: 63100-63127. 
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Invertebrate Branchinecta 
lynchi 
Vernal Pool Fairy 
Shrimp 
Threatened 1994 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Critical Habitat Designation for Four Vernal 
Pool Crustaceans and Eleven Vernal Pool Plants in California and 
Southern Oregon; proposed rule. Federal Register 67: 59884-60039. 
     Fish and Wildlife Service. 2005. Endangered and Threatened 
Wildlife and Plants; Final Designation of Critical Habitat for Four 
Vernal Pool Crustaceans and Eleven Vernal Pool Plants in California 
and Southern Oregon; Evaluation of Economic Exclusions From 
August 2003 Final Designation; final rule. Federal Register 70: 
46924-46999. 
Invertebrate Pleurobema 
strodeanum 
Fuzzy Pigtoe Threatened 2012 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Endangered Status for the Alabama Pearlshell, 
Round Ebonyshell, Southern Sandshell, Southern Kidneyshell, and 
Choctaw Bean, and Threatened Status for the Tapered Pigtoe, 
Narrow Pigtoe, and Fuzzy Pigtoe; With Critical Habitat; proposed 
rule. Federal Register 76: 61482-61529. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Species Status for 
the Alabama Pearlshell, Round Ebonyshell, Southern Sandshell, 
Southern Kidneyshell, and Choctaw Bean, and Threatened Species 
Status for the Tapered Pigtoe, Narrow Pigtoe, Southern Sandshell, 
and Fuzzy Pigtoe, and Designation of Critical Habitat; final rule. 
Federal Register 77: 61664-61719. 
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Plant Astragalus 
pycnostachyus 
var.  lanosissimus 
Ventura Marsh 
Milk-vetch 
Endangered 2001 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Proposed Designation of Critical Habitat for 
Astragalus pycnostachyus var. lanosissimus, a Plant From the Coast 
of Southern and Central California; proposed rule. Federal Register 
67: 62926-62945. 
     Fish and Wildlife Service. 2004. Endangered and Threatened 
Wildlife and Plants; Final Designation of Critical Habitat for 
Astragalus pycnostachyus var. lanosissimus (Ventura Marsh milk-
vetch); final rule. Federal Register 69: 29081-29100.  
Plant Atriplex coronata 
var.  notatior 
San Jacinto 
Valley 
Crownscale 
Endangered 1998 Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Designation of Revised Critical Habitat for 
Allium munzii (Munz’s onion) and Atriplex coronata var. notatior 
(San Jacinto Valley crownscale); proposed rule. Federal Register 77: 
23008-23057. 
     Fish and Wildlife Service. 2013. Endangered and Threatened 
Wildlife and Plants; Revised Designation of Critical Habitat for 
Allium munzii (Munz’s Onion) and Atriplex coronata var. notatior 
(San Jacinto Valley Crownscale); final rule. Federal Register 78: 
22626-22658. 
Plant Chamaesyce 
eleanoriae 
`Akoko Endangered 2010 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Listing 48 Species on Kauai as Endangered and 
Designating Critical Habitat; proposed rule. Federal Register 73: 
62592-62742. 
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Status for 48 
Species on Kauai and Designation of Critical Habitat; final rule. 
Federal Register 75: 18960-19165. 
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Plant Cyanea 
platyphylla 
Haha Endangered 1996 Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Designations of Critical Habitat for Plant 
Species From the Island of Hawaii, Hawaii; proposed rule. Federal 
Register 67: 36968-37106. 
     Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Final Designation and Nondesignation of 
Critical Habitat for 46 Plant Species From the Island of Hawaii, HI; 
final rule. Federal Register 68: 39624-39722. 
Plant Cyrtandra paliku Ha`iwale Endangered 2010 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Listing 48 Species on Kauai as Endangered and 
Designating Critical Habitat; proposed rule. Federal Register 73: 
62592-62742. 
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Status for 48 
Species on Kauai and Designation of Critical Habitat; final rule. 
Federal Register 75: 18960-19165. 
Plant Delissea rivularis 
(Cyanea 
rivularis) 
Oha Endangered 1996 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Revised Determinations of Prudency and 
Proposed Designations of Critical Habitat for Plant Species From the 
Islands of Kauai and Niihau, Hawaii; revised proposed rule. Federal 
Register 67: 3940-4098. 
     Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Final Designation or Nondesignation of Critical 
Habitat for 95 Plant Species From the Islands of Kauai and Niihau, 
HI; final rule. Federal Register 68: 9116-9479. 
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Plant Huperzia mannii 
(Phlegmariurus 
mannii, 
Lycopodium 
mannii) 
Wawae`iole Endangered 1992 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Revised Determinations of Prudency and 
Proposed Designations of Critical Habitat for Plant Species From the 
Islands of Maui and Kahoolawe, Hawaii; revised proposed rule. 
Federal Register 67: 15856-15987. 
     Fish and Wildlife. 2003. Endangered and Threatened Wildlife and 
Plants; Designation of Critical Habitat for 60 Plant Species from the 
Islands of Maui and Kahoolawe, HI; final rule. Federal Register 68: 
25934-26165. 
Plant Melicope 
puberula 
Alani Endangered 2010 Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Listing 48 Species on Kauai as Endangered and 
Designating Critical Habitat; proposed rule. Federal Register 73: 
62592-62742. 
     Fish and Wildlife Service. 2010. Endangered and Threatened 
Wildlife and Plants; Determination of Endangered Status for 48 
Species on Kauai and Designation of Critical Habitat; final rule. 
Federal Register 75: 18960-19165. 
Plant Phyllostegia 
racemosa 
Kiponapona Endangered 1996 Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Designations of Critical Habitat for Plant 
Species From the Island of Hawaii, Hawaii; proposed rule. Federal 
Register 67: 36968-37106. 
     Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Final Designation and Nondesignation of 
Critical Habitat for 46 Plant Species From the Island of Hawaii, HI; 
final rule. Federal Register 68: 39624-39722. 
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Plant Phyllostegia 
warshaueri 
(No Common 
Name) 
Endangered 1996 Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Designations of Critical Habitat for Plant 
Species From the Island of Hawaii, Hawaii; proposed rule. Federal 
Register 67: 36968-37106. 
     Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Final Designation and Nondesignation of 
Critical Habitat for 46 Plant Species From the Island of Hawaii, HI; 
final rule. Federal Register 68: 39624-39722. 
Plant Schiedea kaalae (No Common 
Name) 
Endangered 1991 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Listing 23 Species on Oahu as Endangered and 
Designating Critical Habitat for 124 Species. Federal Register 76: 
46362-46594. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status for 23 Species on Oahu and 
Designation of Critical Habitat for 124 Species; final rule. Federal 
Register 77: 57648-57862. 
Plant Sesbania 
tomentosa 
Ohai Endangered 1994 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Revised Determinations of Prudency and 
Proposed Designations of Critical Habitat for Plant Species From the 
Islands of Kauai and Niihau, Hawaii; revised proposed rule. Federal 
Register 67: 3940-4098. 
     Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Final Designation or Nondesignation of Critical 
Habitat for 95 Plant Species From the Islands of Kauai and Niihau, 
HI; final rule. Federal Register 68: 9116-9479. 
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Plant Taraxacum 
californicum 
California 
Taraxacum 
Endangered 1998 Fish and Wildlife Service. 2007. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Poa 
atropurpurea (San Bernardino bluegrass) and Taraxacum 
californicum (California taraxacum); proposed rule. Federal Register 
72: 44232-44282. 
     Fish and Wildlife Service. 2008. Endangered and Threatened 
Wildlife and Plants; Designation of Critical Habitat for Poa 
atropurpurea (San Bernardino bluegrass) and Taraxacum 
californicum (California taraxacum); final rule. Federal Register 73: 
47706-47767. 
Plant Tetraplasandra 
gymnocarpa 
`Ohe`ohe Endangered 1994 Fish and Wildlife Service. 2011. Endangered and Threatened 
Wildlife and Plants; Listing 23 Species on Oahu as Endangered and 
Designating Critical Habitat for 124 Species. Federal Register 76: 
46362-46594. 
     Fish and Wildlife Service. 2012. Endangered and Threatened 
Wildlife and Plants; Endangered Status for 23 Species on Oahu and 
Designation of Critical Habitat for 124 Species; final rule. Federal 
Register 77: 57648-57862. 
Plant Isodendrion 
longifolium 
Aupaka Threatened 1996 Fish and Wildlife Service. 2002. Endangered and Threatened 
Wildlife and Plants; Revised Determinations of Prudency and 
Proposed Designations of Critical Habitat for Plant Species From the 
Islands of Kauai and Niihau, Hawaii; revised proposed rule. Federal 
Register 67: 3940-4098. 
          Fish and Wildlife Service. 2003. Endangered and Threatened 
Wildlife and Plants; Final Designation or Nondesignation of Critical 
Habitat for 95 Plant Species From the Islands of Kauai and Niihau, 
HI; final rule. Federal Register 68: 9116-9479. 
*Document was not available at the time the content analysis was conducted, and therefore not reviewed, but included here for reference. 
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